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Nuclear Engineering 


ENGINEERING, by definition, is applied physics and chemistry. Nuclear engi- 
neering, concerned with the design, construction, and operation of nuclear 
fission reactors, might therefore presently be defined as applied fission physics 
and chemistry. 

As a result of investigations during the last ten years, the physics and 
chemistry of the fission of heavy atomic nuclei are now empirically under- 
stood, and it is now possible for competent engineers to engage in the design 
and construction of nuclear reactors on the basis of this knowledge. 

Actually, only a small fraction of the vast fund of knowledge so far achieved 
in nuclear physics is necessary for the theoretical and experimental foundations 
of nuclear chain-reacting systems. The majority of the scientists who first 
discovered and applied the principles and results of this chapter in nuclear 
physics have now advanced to the much more fundamental and challenging 
investigation of nuclear forces, and are seeking their explanation from informa- 
tion provided by high-energy accelerators, cosmic rays, meson theory, quan- 
tum electrodynamics, and other tools for the deeper study of the interaction 
of elementary particles. 

On the other hand, very serious technical problems remain in the field 
of breeding and power reactors, which will require for their solution the highest 
type of competence in applied fission physics and chemistry. They involve, 
for example, the application of pile theory to the design of chain-reacting units 
meeting various optimum conditions, the application of nuclear chemistry to 
the separation and recycling of fission products, the development of materials 
having appropriate nuclear properties in addition to the necessary physical, 
chemical, and thermal properties, and the control of radioactivity hazards. 

Experience on the United States Atomic Energy Commission projects has 
shown that capable chemical, electrical, electronic, and mechanical engineers 
can acquire the small amount of nuclear physics necessary for this compe- 
tence in reactor design, in a relatively short time. This follows the classic 
pattern of all technical advances, in which it is the scientists’ function to break 
the path with fundamental discoveries and it is the engineers’ function to 
build upon them as the scientists pass on to new frontiers. 

Although the coordinated effort of physicists, chemists, and engineers will 
continue to be necessary during the next several years, the central problems 
facing the further development of reactors for breeding and power purposes 
have clearly entered the engineering stage. Fortunately, the United States, 
with sixty percent of the world’s engineers, is singularly well situated to put 
forth the engineering effort for their early and fruitful solution. 

The efficient use of available technical manpower will now require consid- 
eration of the special conditions conducive to the greatest creative initiative in 
engineers. Nobody can doubt that given the same sympathetic understand- 
ing of their requirements, American engineers and industry will cooperate as 
enthusiastically on present fission reactor problems as the scientists have on 
those of the past. —W. M. D. 
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FUNDAMENTALS OF ISOTOPE SEPARATION’ 


A major contributor to the design of the Oak Ridge uranium 
plants illustrates and discusses how a single theory of cas- 
cades provides absolute standards for raising the separative effi- 
ciency of all presently known methods of isotope separation 


By KARL COHEN 


The H. K. Ferguson Company, New York, New York 


IN RECENT YEARS, isotope separation 
has changed from a laboratory curiosity 
Under 
the pressure of the uranium problem, a 
great deal of thought has been expended 
much 
material 


to a major chemical industry. 


on separation processes and 


progress has been made 
progress, as well as progress in insight. 
The selection of topics for this article 
was made from the extensive report 
Theory of Isotope Separation, Revised, 
declassified July 14, 1947 (MDDC 1138) 
which contains detailed acknowledg- 
ments to the many contributors to this 
theory. T 

The things we want to know when we 
decide to do an experiment with a new 
isotope are: First, how big a separation 
job is it, second, what is the best separa- 
tion method to use, and then, what is the 
most efficient hook-up of the chosen 
separation apparatus? 

So far we have been able to find com- 
plete and satisfying answers to these 
questions for binary mixtures only. 
But this is the most important case, and 
gives us considerable confidence about 
future generalization. Our attention, 
will be confined then to binary mixtures. 

The problem of separating a mixture 


* Paper presented before American Chemical 
Society Symposium on Use of Isotopes in Bio- 
chemistry, September 18, 1947. 

+ A somewhat more mathematical account of 
the topics considered here will appear in Vol. 2 
of “The Science and Engineering of Nuclear 
Power” (the MIT nuclear science and engi- 
neering lectures). 
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of isotopes is not fundamentally differ- 
ent from that of separating any other 


mixture. However, since the chemical 


and physical properties of isotopic 
molecules differ so little, we do not 
usually obtain sufficient change in 


isotopic abundances in a single process. 
Therefore we must repeat the 
elementary separation process over and 
over again, 
times. This is most efficiently done in a 
continuous 


same 


sometimes thousands of 


process and we arrange 
many separating units into a cascade 
The simplest 


element is shown in Fig. 1. 


possible separating 

A stream 
of material enters and is separated into 
two streams, one enriched in the desired 
The 


concur- 


isotope, and the other depleted. 
electromagnetic separator, a 
rent centrifuge, and a barrier diffusion 
unit are of this type directly. Mathe- 
matically, they are all characterized by 
the relation 

R'/R=a=1+¢6, a>1 (1) 
which says that the isotopic abundance 
ratio of the enriched stream is increased 
by a constant factor over the ratio at the 
entrance. The factor a@ is large for 
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FIG. 1. A simple separating element 
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electromagnetic separators and very 
nearly 1 for the others. 

The cascade (Fig. 2) may be built up 
out of identical small units. Each 
group of elements in parallel is called a 
stage. The flow in each stage is pro- 
portional to the number of elements. 
Or we might have different capacity 
elements connected in a cascade—dif- 
fering in throughput but not in effective 
separation factor (Fig. 3). There is 
obviously no essential difference be- 
tween these cases, and for convenience 
we shall consider the latter cascade. 

In the cascade shown, each stage is 
attached directly to its nearest neighbor, 
the enriched stream moving forward and 
the depleted stream backward. Of 
course, more complicated cascades are 
permissible but analysis shows that 
they rarely offer any appreciable 
advantage over the simplest cascade. 

The cascade must produce a given 
purity of product at a given rate from 
feed of a given concentration. These 
requirements are not sufficient to 
determine the cascade uniquely. Many 
vascades will be satisfactory. For 
example, we may have two different 
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FIG. 2. A cascade of identical elements 





square cascades, that is, cascades with 
the same flow in each stage. If we 
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FIG. 3. A cascade of simple elements 
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take large flows, the cascade will be 
relatively short; if we take small flows, 
the cascade will be very long. Or we 
might have a triangular cascade where 
the flow in the top stage is 2P. the next 
3P, and so on 

The rate of increase in concentration 
from stage to stage for this cascade can 
be readily worked out using nothing 
more abstruse than the conservation of 
matter and the fundamental relation 


Eq. 1 If € is small we find 
= \ pinta \ 
= 2e N(1 — N) — (N, — N) 2 
ds ; a ” 


Here \ is the mole fraction of desired 
isotope, P the rate of production, L the 
throughput, and s the stage number. 
dN /ds has a maximum of 2e N(1 — N), 
when L is infinitely large. In a square 
cascade, L is constant, and then all the 
coefficients are constant. In this case, 
Eq. 2 can be conveniently written in the 


form: 
aN ; ; ‘ : 
i V(l1—N)—P(N,-—N) (8) 


The constants c; and c¢; are deliberately 


identify 
C1 = eL 
c, = L/2 
By now you have undoubtedly recog- 


nized that this equation is the equation 
of a thermal diffusion column if we set 
c. =H 
c=A 
in the usual notation. Similarly (Table 
1) we can identify ¢; and ¢y for an ordi- 
nary fractionating tower, a counter- 
current centrifuge, and so on. [In other 
words, a counter-current column be- 
haves exactly like a square cascade of 
simple elements. We see then that 
a single theory of cascades is sufficient 
to cover all presently known methods 
of isotope separation. 
We now consider the problem of 
selecting the best of all possible cas- 
cades. The total throughput in the 


cascade is 


Ss 
Total Throughput = I, L(s)ds 


Np ds 
= f; L(N - dN 4) 
No dN 





; ‘ N L(IN)dN 
meaningless, to concentrate attention - | J ; 
: “ r 9p 
on the form of the equation. Eq. 3 of me %N(1 —N) — 2} (N, — N) 
course is identical with Eq. 2 if we L 
TABLE 1 
Separation Method C1 cs 
Simple element eG G/2 
Thermal diffusion column H K 
| Ll 
Chemical exchange tower —Lia — 1) | t+ ; 
a 


RT RT 


| 
. , 2 2 f @ , 2 2 2 1 od 
Counter-current centrifuge Ra 4M! I rdr f, pw rdr | aT Dp 3 + 7 I f, = 
rT 





Ip r 


ef, pw rdr } 
0 





For the simple element, G is the throughput (identical with L, the throughput per stage, 
if there is one element per stage). For a chemical exchange tower, L and / are, respec- 
tively, the flows down and up in the tower, a is the simple process factor of the chemical 
exchange, and k is the mass transfer coefficient between phases. For the centrifuge, 
AM is the mass difference of two isotopes, w is the angular velocity of centrifuge, R is the 
gas constant, 7 is the absolute temperature, a is the radius of centrifuge, p is the pres- 
sure in centrifuge, w is the velocity of axial circulation, D is the diffusion coefficient. 
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ds/dN is introduced from Eq. 2 where it 
was given as a function of L. The fol- 
lowing notation has been used: S is the 
total number of stages, No is the mole 
fraction of the feed, and N, is the mole 
fraction of the product. 

In this equation, for every different 
relation between throughput and mole 
fraction, we get a different total through- 
put. The size of each stage is propor- 
tional to its throughput; therefore, 
the minimum size of the whole cascade 

—minimum number of machines if 
the stages are composed of identical 
elements in parallel—occurs when the 
total throughput is a minimum. Con- 
sequently the best cascade will occur 
when we choose that particular function 
L(N) which makes the total through- 
put a minimum. This problem in the 
calculus of variations has a very definite 
solution which is 


2P N,-—wN 
L* = — —" (5) 
e N(1 —N) 
aN 
— =e N(1 \ 
ds 
N 
R =— = Rye 
1—AN 
1 R, 
S =- log 
+ ” R 


8S 2P 
f, L*ds = — SiN » Vo) 


4 it cela 
= (oiN, ) Og 
4 R 


yh 


(1 —2N.) N, — Ni 
Sera 


(1 — No) No 

A caseade characterized by these equa- 
tions is called an ideal cascade. The 
first equation gives the flow as a func- 
tion of mele fraction. The second 
shows that in an ideal cascade the 
enrichment per stage is exactly half the 
maximum. The third gives the varia- 
tion of molecular abundance ratio with 
stage number, and combined with the 
first gives the flow per stage as a func- 
tion of stage number. The fourth gives 


6 


Stage number S 








Flow per stage 2 


FIG. 4. Schematic ideal cascade for 
carbon-13 enriching section 





the total number of stages. The fifth 
gives the total throughput in an ideal 
cascade. The expression in_ braces 
defines the function f. 

The form of an ideal cascade accord- 
ing to these equations is shown in Fig. 4. 
Note the broad base and the very nar- 
row and extended top. This is just 
the enriching section of the cascade— 
the engineers would call it the rectifying 
section. With a cascade like this, the 
waste is only slightly depleted in desired 
isotope. There would usually be, in 
addition, a stripping section to reduce 
the concentration of desired material 
in the waste. A cascade would then 
also have a roughly triangular section 
below the feed point (Fig. 5). 

Let us put a few numbers in to get a 
physical feeling for these cascades. 
Suppose we are interested in separating 
C® from C!? by some process where the 
effective separation factor is € = 0.01. 
We might want a plant to produce some- 
thing like one mole — 13 grams — per 
day of C™ at high purity. The initial 
concentration of C is N» = 0.011. 
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For simplicity we may further suppose 
that our supply of raw material is so 
large that we are not interested in hav- 
ing any stripping section. The total 
amount of material flowing through the 
cascade at any one time is then given by 
2PN 


f(N,, 0.011 


2x10) x1. |. 
— — — f(N», 0.011) 


N> 

The N, the denominator takes ac- 
count of the fact that to produce 1 mole 
of C™ at 50% concentration requires 2 
The total number of 


(6) 


in 


moles of product 


stages is 


: l Np» A i 
S = 01 log on N, + 4.5 (7) 
and the flow in the base stage is 
2 N, — 0.011 
Ly 


~ (0.01)N, (0.011) (0.989) 

It is interesting to examine the depend- 
ence of these expressions on Ny,, the 
purity of the product (Fig. 6). Ona 
log-log plot, we see that at low con- 
centrations the total throughput in- 
creases very rapidiy, but changes very 
little above 20%. Thus we see that as 
far as total amount of plant is concerned 


PRODUCT 
P, Np 





FEED f 
F,No 





WASTE 
W, Ny 


FIG. 5. Ideal cascade with rectifier and 


stripper for carbon-13 
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FIG. 6. Value function per mole of 


desired isotope versus mole fraction of 
product for concentration of C!% 





it makes little difference whether we 
want 50% or 99% purity. 

However, the number of stages in- 
creases considerably as the concentra- 
tion increases. For example, for NV, = 
50%, S = 450, while for Np = 99%, 
S =910. The stages which are added 
are, however, very small compared to 
the base stages: Taking N, = 99%, 
stage 450, where the concentration is 
50%, carries 400 moles per day while the 
bottom stage handles 20,000 moles per 
day. The upper stages correspond to 
the long pointed tip of the ideal cascade 
(refer back to Fig. 4). The total flow in 
the entire cascade, when producing 
material of 90% purity at the rate of one 
mole per day, is 2 X 10° moles per day. 

Now let us go back and see how the 
cascade theory enables us to compare 
different separation methods. Suppose 
that each stage is divided into units, 
each of which can accommodate G 
moles per sec. For example, in a 
diffusion cascade the unit might be 
1 square foot of barrier; or in a frac- 
tionating tower, take 1 square foot of 
tower cross section. The number of 
separating elements required, each of 
which has a throughput G, is merely 
the total throughput (which we already 
know) divided by G 

















Number of elements = 


Type of Element 


Simple element 





Electromagnetic separator 


Column or square cascade 


Thermal diffusion column 


Chemical exchange towe1 


* For notation, 


TABLE 2 
P f(Ny,No) 
M6Ge 


Change in Value 


Separating Power 


Separating Power * 


Ge? /2 
G(@ — 1) log @ 
atl 
€17/4cs 
H?/4K 
KL (a = 1)? 
4/ 
see Table 1 





f 5 Pf(N >», No) 
Number of Elements = ————— 
Ge 


(ew 
a Separating Power ” 

The numerator of this expression is 
characteristic of the difficulty of the 
separation problem. It therefore de- 
pends only on the amount and mole 
fraction of material produced. The 
denominator the other hand is 
characteristic only of the properties 
of the separating element itseli—its 
throughput and fractionation. We call 
the numerator the change in value ere- 
ated by the cascade‘as a whole; we call 
the denominator the separating power 
of the element. 

Table 2 gives expressions for the 
separating power of a few of the types 
of apparatus just considered. The 
expression for a square cascade agrees 
with that for a simple element for the 
values of c; and cs which we assigned 
previously. The thermal diffusion col- 
umn and a chemical exchange tower 
are just two special cases of the square 
cascade. The expression for the elec- 
tromagnetic separator is easily found 
by generalizing the theory of the simple 
element to the case where € is not small. 

An even more general method for 
deriving the separative power of any 


on 


type of separating element is given in 
the M.L.T. 
on page 3). 

Obviously the problem of element de- 


lectures (see second footnote 


sign is to make the separative power as 
large as possible. Note that when the 
effective separation factor @ is nearly 
1, there is a great premium on increasing 
@, since the separative power varies as 
the square of (a — 1). It will be re- 
called that € is the excess of @ over 1). 
But for large a@ diminishing returns are 
encountered, the separative power 
varying only as log a. If increasing a 
is accompanied by decreasing G, as 
might easily be the case, there will be an 
optimum a, which will not necessarily 
be the largest physically attainable. 
The theory just developed can be 
applied to separation problems in a 
more powerful way. It is clear that 
different apparatuses based on the same 
fundamental principle will have dif- 
ferent values of the separative power. 
The next step is to find the largest value 
of the separative power in, for example, 
a thermal! diffusion column and in a 


centrifuge. 
If there were no circulation of gas 
within these instruments, an equi- 


librium concentration gradient would 
be set up. In the diffusion column, 
the gradient would be between the hot 
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and cold wall; in a centrifuge, between 
the axis and the periphery. When cir- 
culation is started up, this gradient is 
disturbed, and in seeking to return to 
the equilibrium state the apparatus 
transports material and so performs 
separative work. The steady-state con- 
centration gradient of the operating 
instrument is therefore different from 
the equilibrium gradient. If the steady- 
state gradient is zero, no concentration 
difference can be established; if it 
equals the equilibrium gradient, no 
material is transported. Somewhere 
in between there exists an cptimum. 
In an ideal cascade, it is recalled, the 
concentration gradient between stages 
is half the maximum possible gradient. 
Similarly the optimum steady-state 
gradient is one-half the equilibrium 
gradient and in the same direction. 
The optimum separative power of an 
apparatus will thus be achieved when 
this condition is satisfied in every little 
volume element. If we integrate over 
the entire apparatus, we thus get a 
maximum attainable separative power. 
For a centrifuge, the result of this cal- 
culation gives 
Dp TAM (wa)? 7]? x 
—— ~ | ~— (moles/sec-em) (10) 
RT 2R7 2 
for the maximum separative power (per 
unit length). For a thermal diffusion 
column we have 


b adT\?2 
f pD (< ) r dr (gm/sec-em) (11) 
a T Or 





ia 


In this expression p = density, D = 
diffusion coefficient, a = thermal dif- 
fusion constant, 7’ = temperature, a = 
radius of hot wall (or wire), b = radius 
of cold wall. If the thermal conduc- 
tivity is constant we have the maximum 
separative power of thermal diffusion 
column 


(7 *) “ [pensar (12) 
log b/a/ 2 JT. T? 

These equations give us absolute 
standards by which to measure the 
separative efficiency of anv design. It 
turns out that thermal diffusion col- 
umns have efficiencies around 70%. 
Certain designs of centrifuges published 
in the German literature, on which they 
based their pilot plants for the separa- 
tion of the uranium isotopes, have theo- 
retical efficiencies ranging from 70% 
down to as low as 40%. In another 
application, co-current apparatus can be 
shown to be less efficient than counter- 
current and in practical cases is at a 
disadvantage of 20% or more. 

By approaching the optimum effi- 
ciency problem in a different way from 
the one just outlined, we can do more 
than just set up a standard of efficiency. 
We can find out what flow conditions 
within an apparatus will actually pro- 
duce theoretical efficiency. Naturally 
this is of great importance in apparatus 
design. Details of this method are 
given in the report “Theory of Isotope 
Separation” (loc. cit.). 
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Theory and Operation of Geiger-Miller Counters —| 


THE DISCHARGE MECHANISMS 


An understanding of the characteristics of G-M counters is 


essential for their proper use. 


In this first of three articles, 


the author discusses the breakdown characteristics of the dis- 
charge for simple and polyatomic gas counters, properties of 
gas fillings, need for and method of quenching a discharge, 
relationship between pulse size and plateau, the nature and 
2fect of spurious discharges, and probable life of gas filling 


By SANBORN C. BROWN 


Department of Physics, Massachusetts Institute of Technology 
Cambridge, Massachusetts 


To A LARGE DEGREE the successful use 
of a Geiger-Miiller counter as an ion- 
ization detector depends on an under- 
standing of its operational character- 
istics and design in the light of the 
discharge mechanisms and the proper- 
ties of the radiation to be detected. 
Since the characteristics are relatively 
complicated and new theories and prac- 
tices are constantly appearing in the 
literature, it is worth while from time to 
time to survey the field and to discuss 
in a single group of articles material 
which is now mostly in the form of 
research papers. 

This present series does not attempt 
to introduce new ideas or theories, but 
to correlate our current picture of the 
discharge mechanisms, and to suggest 
how these ideas may be used in the 
design and effective use of Geiger- 
Miiller counters when wide varieties of 
specifications are to be met. 


Breakdown Characteristics 


The usual geometrical form of a 
Geiger-Miiller counter is that of coaxial 
cylinders in which the axial electrode 
(anode) is a fine wire and the outer 
electrode (cathode) has an_ internal 


10 


diameter of a few centimeters. The 
electric field intensity between coaxial 
cylinders is given by 
V 
iao— 
rin = 
To 
The electric field intensity at point 
is measured in volts per centimeter if V 
is the potential in volts between the 
electrodes, and r is the distance from 
the axis of the cylinders in centimeters. 
The radius of the cathode is r, and the 
radius of the anode is rg. 

An electron which finds itself in this 
electric field is accelerated toward the 
anode, and, where the field is sufficiently 
intense, the electron will cause cumula- 
tive ionization if it collides with gas 
atoms or molecules as it moves toward 
the axial wire. The magnitude of the 
electron avalanche so formed can be 
determined from gas discharge measure- 
ments of the first Townsend coefficient. 
The first Townsend coefficient, n, may 
be defined as the ionization produced 
by an electron falling through a poten- 
tial difference of one volt. It is cus- 
tomary to present this coefficient as a 
function of the energy gained by the 
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electron per mean free path, writing 
this in terms of E/p, the ratio of the 
electric field strength to the gas pres- 
sure. Such a plot for a number of 
gases is shown in Fig. 1 (1). In terms 
of the first Townsend coefficient, the 
number of electrons, n, formed in the 
cumulative avalanche by the single 
entering electron is given by: 

n= eSnev (2) 
The integral form of the exponent is 
required by the nonhomogeneous elec- 
tric field between the coaxial cylinder 
electrodes of the counter. 


The Townsend criterion for break- 
down of a self-maintaining discharge 
states that: 

yn = 1 (3) 
y is the number of electrons liberated 
in the gas, or at the cathode, per 
ionization in the gas, and n is the 
number of ion pairs formed in the 
initial avalanehe. In the counter 


breakdown, the number of ion pairs 
formed in the initial avalanche must 
be sufficiently high to produce by a 
photoelectric effect, either in the gas or 
at the cathode, at least one electron to 
a succeeding avalanche and so 
Since the 
photoelectric efficiency from gas to gas 
and from cathode to cathode is approxi- 
the same, n is approximately 


form 


maintain the discharge. 


mately 
the same in the usual region of counter 
operation. Thus, Fig. 1, for a 
given value of n, and hence of 7, we can 
see the relative threshold voltages to 
be expected at a given pressure for 
given 


from 


various gases. To obtain a 
value of 9 for air, a much higher value 
of E/p (and hence E£, since the filling 
pressure for counters is usually about 


the same) is necessary than for argon 


or helium. For certain mixtures of 
neon and argon, a very low field is 
sufficient to maintain a discharge, as 


can be seen from the high values of 7 
for low values of E/p in Fig. 1. 

The quantity y, the number of elec- 
trons liberated in the gas or at the 
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FIG. 1. The first Townsend coefficient 


n, the ionization per volt, is plotted as a 

function of the energy of the electrons per 

mean free path, E/p, for a few typical 
gases 





cathode per ionization in the gas, has 
been studied very little. Like n, it is a 
function of E/p, but y is not nearly so 
steep a function as n and to a rough 
approximation one may consider that 
A few 
experimental determinations of y have 
been attempted for discharges between 
parallel The breakdown 
criterion between coaxial cylinders has 


controls the breakdown field 


plates (1). 


been worked out for one case, helium, 
and the effect of y was related to the 
spectral characteristics of the singly 
and doubly ionized helium (2). No 
results have yet been reported on de- 
terminations of y for the cases of dis- 
charges in polyatomic gases. 

Many detailed studies have been 
made of the variation of threshold 
voltage with pressure and the type of 
gas between the electrodes. One can 
qualitatively predict the results of 
these experiments from the first Town- 
send coefficients, shown in Fig. 1, and 
equation 2. Both from experiments 
and from consideration of Townsend 
coefficients, one finds that air has a high 
threshold voltage, argon and neon are 
lower, and helium the lowest of the 
noble gases. Recently Simpson has 
shown experimentally (3) that mixtures 
of neon and argon give very low voltage 
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counters, as would be predicted by the 
curves of Fig. 1. The ease with which 
ionization is caused in this neon-argon 
mixture results from the fact that not 
only do the electrons ionize neon di- 
rectly but the metastable neon atoms 
ionize argon atoms for an additional 
source of ionization. 

The conditions for breakdown control 
the initial avalanche. For the dis- 
charge to be of the Geiger-Miiller type, 
it must mature from this initial ava- 
lanche to a form characteristic of the 
counter. This maturation of the elec- 
trical discharge depends to a large 
degree on the type of gas found be- 
tween the electrodes. We shall discuss 
two different types of counters in which 
the general behavior is the same, but 
the specific details are sufficiently dis- 
tinct to make it advisable to treat 
them separately. These two types are 
characterized by the filling gas and are 
designated as simple gas counters 
(H», A, He, air, ete.) and polyatomic 
gas counters (alcohol, ether, tetra- 
methyl lead, etc., mixed with a simple 
gas). 


Simple Gas Counters 


In the simple gas counter, the dis- 
charge matures through the mechanism 


of a photoelectric effect. Since the 
electrons in the cumulative avalanche 
have sufficient energy to cause ioniza- 
tion, they also have energy enough to 
cause excitation of the gasatoms. Dur- 
ing the process by which these excited 
atoms return to their original unexcited 
condition, or ground state, photons are 
emitted. For the energies involved in 
the counter mechanism, the photons lie 
in the ultraviolet region of the spectrum. 

The photons created with the initial 
avalanche form photoelectrons either 
in the gas or at the cathode wall of the 
counter, and these secondary electrons 
cause a new succession of avalanches. 
By a whole series of these repetitive 
processes, many electrons and positive 
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ions are produced. Since the electrons 
attracted toward the anode do not 
cause appreciable ionization until they 
are quite close to the anode wire, a 
sheath is built up in the immediate 
vicinity of the anode with the electrons 
nearest the wire surrounded by positive 
ions. The result of the growth of this 
positive ion sheath is to increase the 
effective radius of the anode. Refer- 
ring to equation 1, we can see that if the 
potential across the electrodes remains 
constant (which will be the case since 
it is connected to a constant potential 
supply) and the effective radius of the 
anode increases, the field intensity at 
any given point decreases. The result 
of this is that the sheath will build up 
to a point where the maximum electric 
field will be too weak to support 
further ionization, and the electrical 
discharge between the cathode and 
anode will cease. 

During the formation of the space- 
charge sheath which quenches the dis- 
charge, the motion of the positive ions 
can be neglected. The positive ion 
sheath is not really stationary, how- 
ever, since it is repelled from the anode 
and attracted to the cathode. Con- 
sider the axial wire of the counter as 
one electrode of a cylindrical capacitor 
and the positive ion sheath as the other 
(4). The charge on this capacitor 
remains the same since the number of 
ions in the sheath remains constant. 
As the positive ion sheath moves out- 
ward toward the cathode, a negative 
voltage pulse is induced across the 
counter and this pulse constitutes the 
“count” registered by a suitable circuit 
connected across the electrodes. 

Although the counter has successfully 
recorded the entrance of the ionizing 
radiation into its sensitive volume, the 
entire chain of events is not complete. 
The positive ion sheath moves outward 
and eventually hits the cathode. 
These positive ions have a high prob- 
ability of interacting with the cathode 
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surface and releasing secondary elec- 
trons. A simplified picture of the 
mechanism involved is as follows (5): 
When a positive ion approaches a metal 
surface closely enough, its force field 
may interact with those of the electrons 
in the metal. The electron may be 
drawn out of the metal to combine with 
the positive ion, thus neutralizing the 
charge of the latter. In general, the 
ionization energy of the ion is much 
greater than the energy required (the 
work function of the metal) to remove 
an electron. Hence, by combining 
with the electron, the ion neutralizes its 
own charge to become an atom, but is 
left as an excited atom with its excita- 
tion energy equal to the difference 
between the ionization potential of the 
gas atom and the work function of the 
metal. The gas atom does not live 
very long as an excited atom, but 
radiates its excitation energy in the 
form of a photon. For the types of 
gas atoms used in the simple gas 
counters, the emitted photons lie in the 
ultraviolet region of the spectrum where 
they are efficient at producing photo- 
electrons on collision with the cathode 
surface. These electrons 
can be drawn from the neighborhood of 
the cathode by the positive anode of the 
counter and will rekindle the discharge 
if a mechanism is not invoked to pre- 


secondary 


vent their doing so. 

In the simple gas counter, the usual 
method of preventing the rekindling 
of the discharge is by the action 
of the external circuit connected to 
This is called ‘external 
Unfortunately, this no- 


the counter. 
quenching.” 
menclature is misleading since the 
discharge is completely over before the 
effect one desires to eliminate becomes 
important. It is not a question of 
quenching the discharge but of pre- 
venting the production of secondary 
discharges. The essential function of 
the quenching circuit is to prevent the 
tutal voltage across the counter from 
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rising to threshold before all the 
secondary electrons produced by the 
positive ions at the cathode have been 
collected by the anode 

The entering ionizing particle causes 
the formation of a space-charge sheath 
around the anode. This sheath moves 
toward the cathode, causing the voltage 
across the counter to drop. For the 
counter to function properly, the volt- 
age must drop to a value sufficiently 
below the threshold so that it will not 
recover until ionizing particles left 
over from the discharge are all collected. 
The time which elapses while the 
counter is thus completely insensitive 
is called the “‘dead time.” The voltage 
recovery time depends upon the time 
constant of the circuit, and, since this 
is an exponential recovery, a relatively 
long time, compared to the dead time, 
elapses before the potential across the 
electrodes returns to its initial value. 
If an ionizing particle comes into the 
sensitive volume before the voltage has 
returned to its operating value, the 
counter will break down with a smaller 
pulse than normal. Whether or not 
this breakdown will be registered as a 
count will depend upon its size and 
the sensitivity of the amplifier circuit. 

The recovery time of these simple 
gas counters depends upon the elec- 
trical characteristics of the quenching 
circuit. The pertinent characteristic is 
the constant, 7 = RC. 
tance of the counter is kept small so 
that the pulse size will be large, but 
a sufficiently long time constant for 
the necessary quenching can be achieved 
by the use of large values of resistance, 
10® to 10° ohms, in series with the 
counter and high voltage. Time con- 
stants in this simplest type of quenching 
circuit are long enough to interfere 
seriously with the usefulness of this 
system at even only moderately high 
counting rates, and various circuits 
have been devised to allow the external 
quenching to be assured without the 
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TABLE 1 
Typical Simple Gases Used In Counters 





Nega- 
Elec- Posi- tive 
tron Nega- tive Ion 
Attach- tive Ion Forma- 
ment Ion From tion 


Prob- Formed Which Prob- 


lat loni- 
Exrci- zation 
tation Po- 
Poten- ten- 
For- tial tial 
mula (volts) 


Emis- 
sion 
Wave 
Length 
(A.U.) 


Meta- 
stable 

Level 
(volts) 


(volts) ability at Wall Formed ability 


Argon d ll 15 0 - As 1048 
Helium 20.5 24.! 0 19. 854 
1236 





Krypton 9.9 13.5 0 


Mercury 

Neon } 2 
Xenon : 8.3 12 
Hydrogen 

Atomic Hydrogen 2 
Nitrogen ’ j 15 
Atomic Nitrogen } 14 
Oxygen 


ao 


ooo oe 


Atomic Oxygen 


Carbon Dioxide 


1850 
736 
1470 


1215 
1135 


and 9 

2. & 

and 9 
1074 5.6 
10 * 


Oz CO; 
CO;- CO;* 





These 
later 


use of long time constants. 
circuits will be 


section. 


discussed in a 


Polyatomic Gas Counters 

In the polyatomic gas counters, the 
polyatomic gas is, in general, only 10 to 
20% of the total gas content, the re- 
mainder being a simple gas added to 
achieve the desired characteristics. 
The production of the initial ava- 
lanche by the entering ionizing radia- 
tion appears to be the same in any type 
of Geiger-Miiller counter. During the 
formation of the initial avalanche, the 
simple gas component of the filling 
mixture acts as it does when uncon- 
taminated with polyatomic molecules. 
In the case of the polyatomic compo- 
nent of the gas, it is probable that the 
inelastic collisions which occur between 
the electrons of the forming avalanche 
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and the polyatomic molecules result not 
in ionization but in increasing the 
rotational and vibrational energy of the 
molecules. This effect tends to de- 
crease the total photoemission of the 
avalanche. 

In the polyatomic gas counters, the 
maturation of the total discharge 
from the initial avalanche has a char- 
acteristic quite different from that of the 
simple gas counters. In the latter case, 
since the ion sheath is built up by sec- 
ondary photoelectrons from the gas and 
cathode, it grows almost simultaneously 
throughout the counter. In the poly- 
atomic gas case, the complex molecules 
in general prevent photons, which 
might be produced in the vehicular gas, 
from reaching the cathode. In Table 1, 
the wavelength of the principle emission 
lines of typical vehicular gases is given. 
In Table 2, the wavelengths of the 
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TABLE 2 
Typical Polyatomic Gases Used In Counters 





Energy 








ote 





Ioni- to 
zation Electron Nega- Form  Absorp- 
Po- = Attach- tive Nega- tion 
ten- ment Ion tive W ave 
tial Prob- Formed Ion Lengths Type of 
Gas Formula (volts) ability inGas (volts) (A.U. Spectra 
Bromine Br: 12.8 1073 Br 1500 Continuous 
Chlorine Cle 13.2 1078 Cl 1500 Continuous 
Carbon Monoxide CO 14.1 oO~ 20.9 
Nitric Oxide NO 9.5 5x10°§ oO 7.0 
Carbon Dioxide CO: 14.4 0 1360 —- 600 Bands 
Carbon Disulfide CS: 10.4 3800-1200 Bands 
Hydrogen Sulfide H:S 10.4 0 Hs 4.7 1600-1190 Bands 
HS 1075 
Nitrogen Dioxide NO:z 1.0 5700-2200 Bands 
Nitrous Oxide N:0 12.9 0 oO 1.7 3000-1760 Continuous 
1520-1056 Bands 
< 1000 Continuous 
Sulfur Dioxide SO:2 13.1 10-4 sO 5.7 3800-1529 Bands 
Water H:0 13.0 0 OH 5.4 1240-983 Bands 
oO 7.5 
OH 13.8 1074 
Ammonia NH; 10.5 0 NH 6.0 1620-1450 Bands 
NH 3 < 1200 Continuous 
NH- 1074 
Acetylene C2He 11.6 2400-2090 Bands 
Carbon Tetra- 
chloride CCl, 4600-2300 Bands 
Methane CH, 14.4 < 1450 Continuous 
Chloroform CHCl; < 2200 Continuous 
Methyl Iodide CHsl 10.12 3600-2110 Continuous 
2100-1215 Diffuse 
Ethyl Bromide C:H;sBr 10.24 2850-1900 Continuous 
< 1700 Diffuse 
Ethyl Chloride C:H;Cl < 1700 Continuous 
Pyridine C:HsN 9.8 < 2500 Continuous 
Ethyl Alcohol C:H;OH 11.3 1633-1602 Bands 
1518 Diffuse 
< 700 Continuous 
Acetone CH;COCH; 10.1 3300-2940 Bands 
absorption bands of common poly-- gases. This photon quenching is not 


atomic gas are presented. One can see 
from these two tables that, for the 
common gas mixtures used in poly- 
counters, the radiation 
from the vehicular gas is covered by 
absorption bands of the polyatomic 
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atomic gas 


perfect (6, 7), but due to the relative 
inefficiency of the cathode as a photo- 
electron emitter these photoelectrons 
can usually be neglected. 

The specific ionization of the initial 
avalanche becomes greater as the ava- 
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lanche moves into the high field region 
near the anode wire. The ionization 
processes will be much more probable 
in the high field region because of the 
greater energy of the electrons. Since 
the energy of the photons is readily 
absorbed by the polyatomic molecules, 
any subsequent discharge following the 
initial avalanche will occur in the high 
field region near the central electrode. 
As we move outward from the anode 
wire, the field drops off very rapidly, 
and hence we would expect the ioniza- 
tion to be localized very close to the 
axial electrode. On the other hand, 
at any given distance from the wire 
along the length of the counter, the 
field is uniform. Thus the discharge, 
while being limited radially by the 
decreasing field, spreads laterally in 
the high field region of the wire until 
it meets some discontinuity which 
lowers the field, such as the physical 
end of the electrode. When this 


sheath has been formed, any subsequent 
ionizing particle which might enter the 


volume between the electrodes will not 
cause cumulative ionization. 

The ion sheath which builds up near 
the anode decreases the electric field. 
This sheath will grow to the point 
where the field can no longer produce 
further ionization and this limits the 
thickness of the sheath. After the 
sheath has reached its maximum thick- 
ness and length, the discharge in the 
counter is over and the counter is left 
in a completely insensitive state from 
which it must recover if it is to detect 
any subsequent ionizing particles. 

The phenomena which follow the ex- 
tinction of the discharge depend both 
on the ion behavior within the tube 
and on the external circuit to which the 
tube is connected. The ion sheath is 
formed so rapidly that it may be con- 
sidered stationary in the process of 
formation. The positive ions are at- 
tracted toward the cathode so that 
although they may be considered sta- 
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tionary during their formation they are 
actually moving outwards. The out- 
ward motion of the positive ions away 
from the anode causes a lowering of the 
wire potential as discussed for the 
simple gas counter mechanism. The 
function of the external circuit is to 
re-apply the potential across the elec- 
trodes. Again, the rate at which the 
potential is reapplied depends upon the 
time constant of the circuit. In the 
ease of the polyatomic gas counter 
circuit, the resistance may be small so 
that, in general, the voltage is re-ap- 
plied across the electrodes before the 
space charge sheath has moved very 
far out from the anode. Though the 
operating voltage has been restored to 
the counter, however, the tube is still 
insensitive because the electric field 
intensity is greatly modified by the 
space charge sheath within the electrode 
volume and has not returned to the 
operating field. 

After the space-charge sheath has 
been formed and starts to move toward 
the cathode, it takes the order of 10-5 
seconds for the circuit to restore the 
potential to the operating voltage. 
At this time, since the sheath has not 
moved very far, the field is consider- 
ably below threshold field intensity, 
that is, the field which would exist 
between the electrodes in the absence 
of space charge when the counter is at 
its threshold voltage. It takes some- 
where between five and ten times 
longer for the space charge to move out 
far enough for the field intensity of the 
wire to rise to the threshold field than 
it does for the operating voltage to be 
re-established across the counter by a 
properly designed external circuit. 
The elapsed time, of the order of 10-4 
seconds, between the initial breakdown 
of the counter and the time for the 
threshold field to be re-established is 
called the ‘“‘dead time.” During this 
time, the counter is completely insen- 
sitive to ionizing radiation. Estab- 
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lishing threshold field intensity at the 
wire does not mean that the counter 
has recovered its original condition. 
It actually takes as long again for the 
counter field to change from threshold 
field to operating field as it does to 
establish threshold field from the 
original breakdown. During the 10-4 
seconds between the end of the dead 
time and the re-establishment of the 
operating field, any ionizing particle 
entering the counter will be recorded 
as a pulse of smaller size than normal. 


Self-quenching Mechanism 

The reason that the voltage may be 
re-applied to the polyatomic gas 
counters before the space charge has 
been collected at the cathode lies in its 
so-called “self-quenching” properties. 

The phenomena which occur when 
a polyatomic ion reaches the cathode 
surface are different from that dis- 
cussed for the simple gas counter. As 
in the case of the simple gas ion, the 
polyatomic ion interacts with the elec- 
trons in the metal and neutralizes itself 
by pulling an electron from the surface. 
The polyatomic molecule then finds 
itself in an excited state. The char- 
acteristic behavior of the gas leading to 
‘‘self-quenching”’ properties is exhibited 
by those polyatomic molecules in which 
the lifetime of the excited state for 
emission of a photon is much longer 
than the lifetime for dissociation. 
Thus, instead of releasing the energy 
by emitting an electron, the energy goes 
into dissociation of the molecule and 
kinetic energy of the dissociated frag- 
ments. The self-quenching mechanism 
is therefore one of preventing the 
emission of secondary electrons by 
positive ion bombardment. 

In the usual polyatomic gas type of 
counter, the filling is a mixture of only 
about ten percent polyatomic gas with 
a vehicular gas which is usually a 
noble gas. An additional criterion for 
successful self-quenching properties of a 
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polyatomic gas is that only polyatomic 
positive ions reach the cathode and no 
simple gas ions are left in the ion space 
charge sheath when the sheath reaches 
the outer walls. The mechanism in- 
volved is one of charge transfer. In‘a 
collision between an atom and an ion, 
if the ion has a higher ionization poten- 
tial than the atom, the ion will ionize 
the atom and return itself to a neutral 
atom. While the positive ion sheath 
moves outwards from the anode to the 
cathode, an ion makes about 10° col- 
lisions. This is a_ sufficiently high 
number of collisions to make it highly 
probable that a charge transfer will 
occur if the ionization conditions are 
suitable. Since the ionization poten- 
tials of the polyatomic molecules are all 
quite low, it is not at all difficult to 
arrange the ionization potential of the 
vehicular gas to be higher than the 
quenching agent. Again referring to 
Tables 1 and 2, one can see that it is 
quite generally true that all gases one 
would want to use as vehicular gases 
have ionization potentials higher than 
the ionization potentials of the poly- 
atomic gases. 

The charge transfer mechanism is not 
perfect and as in the case of the simple 
gas counter, some secondary electrons 
are always produced. In the poly- 
atomic gas counters, secondary emis- 
sion-by ion bombardment of the cathode 
is unlikely enough so that for many 
purposes one can consider the second- 
ary discharges as being completely 
quenched. Actually somewhat more 
than ninety percent of the secondary 
electrons are prevented from being pro- 
duced at clean metal surfaces when the 
counter is operating at its threshold 
potential. This percentage decreases 
as the voltage is increased above thresh- 
old. If the figure of less than ten 
percent spurious pulses is important, 
the cathode may be treated chemically, 
or may be mechanically coated with a 
surface which will be less efficient in 
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producing secondary electrons than the 
pure metal. Various cathode treat- 
ments have been suggested and are 
successful in reducing the spurious dis- 
charges from ion bombardment of the 
cathode to about one percent at thresh- 
old. Noone has yet proposed a method 
for reducing this effect to zero without 
the use of external quenching circuits. 


Pulse Size 

The feature which distinguishes a 
Geiger-Miiller counter from any other 
ionization detector is the fact that the 
size of the output pulse is not a function 
of the initiating particle, but only of 
the characteristics of the counter and 
associated circuits. A discussion of the 
profound effect which associated elec- 
tronic circuits may have on the pulse 
size from a counter will be left to the 
description of these circuits in a later 
section. 

The size of the pulse in a counter de- 
pends directly on the charge trans- 
ported across the space between the 
electrodes and inversely on the ca- 
pacitance between the electrodes. The 
charge is a function of the character- 
istics of the gas in which the ions of the 
sheath are formed. 
is determined by the physical dimen- 
sions of the counter. 

The fundamental factors which con- 
trol the number of ion pairs formed in 
the space-charge sheath are not easily 
discussed theoretically. Enough em- 
pirical data been accumulated, 
however, to serve as a guide in a dis- 
cussion of the magnitude of the charge. 
One of the advantages of organic gas 
filling for counters lies in the fact that 
the useful polyatomic gases exhibit 
copious ion production and hence the 
pulses are large. As a general rule, 
counters filled with the noble gases 
support considerably less charge and 
hence have considerably smaller pulses 


The capacitance 


has 


than the simple molecular gases, which 
in turn produce smaller pulses than 
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The 


simple gases also show wide variation 


the polyatomic gas counters. 
among themselves. Helium is_re- 
markable for the smallness of its pulses 
The size of the space-charge sheath in 
hydrogen is among the largest of the 
simple gases. 


Plateau Characteristics 

The size of the counter pulse is not 
of itself an important characteristic 
since one can, in general, make up for 
lack of pulse size by electronic ampli- 
fication. However, inasmuch as the 
pulse size controls the plateau charac- 
teristics of the counter, it becomes a 
significant quantity. 

One of the characteristics which ac- 
counts for the popularity of a Geiger- 
Miller counter as an ionization de- 
tector is its peculiar voltage-counting- 
In the ideal counter, a 
region exists just above the threshold 
value, over which the counting rate is 
independent of the applied potential. 
The counter is not operating correctly 
unless the counter potential is depressed 
below threshold pulse. In 
general, the pulse lowers the potential 
considerably below the breakdown 
voltage. This means that the poten- 
tial across the counter can be varied 
considerably and the pulse will still 
‘ause the counter voltage to go below 
threshold. Hence, there exists a region 
of voltage above threshold where each 
single pulse will depress the potential 
below threshold to guarantee extinction 
of the discharge. As long as this can 
occur, the behavior of the counter 
should be independent of voltage. 

It is clear that the size of the pulse 
must be one of the governing factors 
in the width of the voltage plateau. 
The larger the negative voltage pulse 
coming from the breakdown of the 
counter, the farther up in voltage the 
total counter potential may be raised 
and still maintain the necessary con- 
ditions that the electrode field drop 


rate behavior. 


by each 
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below the threshold value during the 
pulse. Counters filled with gases which 
produce large pulses, such as hydrogen 
and polyatomic vapors, exhibit wider 
voltage plateaus in general than gases 
such as helium. 

We define the plateau as the region 
in which the counting rate for a given 
radiation intensity is independent of the 
voltage across the counter. However, 
this is quite a theoretical description. 
In practice, it is seldom, if ever, that 
one can achieve complete independence 
of voltage over any considerable range. 
Lack of a flat plateau can usually be 
associated with either discontinuities in 
the electric field, or with spurious dis- 
charges due either to geometrical factors 
or peculiarities of the gas discharge 


mechanisms 


Long Versus Short Counters 

Other things being equal, long count- 
ers have flatter plateau characteristics 
than short ones. The counting volume 
does not extend to the physical limits 
of the counter electrodes. Increasing 
the voltage across a counter increases 
the sensitive volume by allowing the 
counter field to approach the actual 
limits of the cathode and anode more 
closely. This effect will cause more 
relative change in the sensitive volume 
of short counters than long, and hence, 
will militate against a flat plateau 
where the fringing field is appreciably 
compared with the total length of the 
counter. 

Various gas discharge mechanisms 
can lead to spurious discharges. Be- 
cause of the importance of understand- 
ing these phenomena, the subject will 
be discussed at some length. The 
longer the plateau of a_ particular 
counter, in general, the more success 
has been achieved in eliminating 
spurious discharges. 

As a test for the usefulness of a 
counter, the length of the plateau tends 
to be overrated. One would like to 
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operate a counter in a region where 
changes of potential would not change 
the sensitivity and operation of the 
counter during an experimental investi- 
gation. On the other hand, the 
development of stabilized high-voltage 
circuits has become good enough so 
that one need not rely on plateau char- 
acteristics of the Geiger- Miler counter 
to guarantee reproducible electrical 
conditions 


Spurious Discharges 

Spurious pulses are defined as dis- 
charges occurring in the counter which 
are not directly associated with the 
entering radiation. Spurious discharges 
can take place due to local discon- 
tinuities of the electric field. How- 
ever, at this point, we will discuss only 
those causes of spurious discharges 
which arise from the gas discharge 
mechanisms. For a spurious discharge 
to show up as an unwanted count, it 
must produce a secondary breakdown 
after the true pulse has been recorded 
as a count. Thus, in general, only 
those phenomena associated with the 
slow moving ions will be of interest 
here. 

In Tables 1 and 2 are tabulated those 
properties of gases which are useful in 
predicting the behavior of the ions 
which may be formed. Not all pos- 
sible gases are included in these tables, 
but enough variety is given to illustrate 
the main types of processes that may 
occur. 

If the charge transfer mechanism 
does not remove all simple gas ions from 
the positive ion sheath in a “‘self- 
quenching” counter discharge, second- 
ary discharges will be produced by the 
secondary electrons released by the 
simple gas ions. These electrons are 
released after the counting field is 
restored between the electrodes, and 
they will cause spurious counts. Since 
it is found experimentally that a few 
percent of a polyatomic gas mixed with 
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the vehicular gas is enough to give a 
maximum charge transfer effect, the 
usual practice of using five to ten per- 
cent quenching gas ismore than sufhi- 
cient. 


Cause of Spurious Counts 

In simple gas filled counters, a com- 
mon cause of spurious counts is the 
secondary electron released by meta- 
stable atoms colliding with the walls. 
Tabie 1 shows that most of the simple 
gases used in exist in 
metastable states. 
atom is uncharged, it will drift around 
in the counter, unaffected by the elec- 
tric field, and may have a very long 
life until a collision (in general with the 
wall) energy from the 
metastable state. This may give rise 
to a secondary electron from the wall. 
However, if we deal with a mixture of 
gases including a of a 
gas which has an ionization potential 
lower than the metastable level of the 
vehicular gas, the collisions which occur 


counters can 
Since a metastable 


releases the 


small amount 


in the gas will allow the metastables to 
be removed by ionizing the contaminant 
gas. The filling 
counters on vacuum systems in which 
the pressure is read by mercury gauges 
takes care of this automatically. The 
mereury ionization potential is lower 
states of the 


usual practice of 


than the metastable 
vehicular gases 


the concentrations are 


normally used, and 


sufficient to 


quench these metastable states. With 


the polyatomic gas counters, Tables 1 
and 2 show that the ionization potential 
of the polyatomic gases are lower than 


the metastable states of the usual 
vehicular gases which have metastable 
levels, and hence, these polyatomic 
gases quench the metastables. 

Gases which form negative ions by 
electron attachment in the gas in gen- 
eral show spurious discharges due to this 
effect. In the simple gas counter, the 
time constant of the quenching circuit 


is so arranged that the counter field 
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TABLE 3 
Electron Affinities 


Argon —1.0* 
Bromine 3.54 
Chlorine 3.70 
Fluorine 3.94 
Helium —0.53 
Hydrogen 0.76 
Neon —1.20 
Nitrogen 0.04 
Oxygen 3.80 


These are 
Negative 


volts. 
atoms. 


* All values in electron 
calculated values for the 
values indicate unstable ions 





has returned to its operating value as 
soon as possible after all electrons pro- 
duced by ion bombardment at the 
cathode have been collected. If these 
electrons attach to gas atoms to form 
negative ions, these negative ions, be- 
cause of their much greater mass, 
arrive at the intense field of the anode 
very much later than the electrons. 
The negative ions will in general lose 
their electrons in the high field region 
and thus cause a breakdown after the 
counter has recovered from its initial 
This would 
pulse. In the case of polyatomic gas 
counters, negative ions may be formed 


pulse. cause a spurious 


as dissociation fragments at the walls, 
or in the gas discharge, and these may 
arrive in the counting field after the 
field has recovered from the _ initial 
pulse. Thus, we would expect some 
spurious discharges from this effect in 
most polyatomic gas counters. 

Some gases, of which carbon dioxide 
is a good example, show no electron 
attachment in the gas, but may form 
negative ions at the walls (8). The 
interaction between the positive ion 
and the cathode is similar to that dis- 
cussed for the simple gases, except that 
the electron which is released by the 
excited neutral atom does not escape 
into the gas. It is captured by the gas 
atom as it is released from the metal, 
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TABLE 4 


Work Functions 


S 


Aluminum 
Bismuth 
Cadmium 
Carbon 


Copper 
Gold 

Iron 

Lead 
Mercury 
Nickel 
Platinum 
Silver 
Tantalum 
Tin 


Zine 


to to 


Jt pe be ke oe oe oe ke ee 


oo 
orn 
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ee 
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* All values in electron volts 





thus forming a negative ion. The 
condition for this phenomenon is that 
the sum of the ionization potential of 
the atom plus the electron affinity of 
the atom must be in excess of twice the 
work function of the cathode surface. 
Electron affinities of some of the com- 
Table 3, and 
work functions of cathode surfaces are 
given in Table 4. 
one can predict when this phenomenon 


mon gases are shown on 
From these tables 


might be expected to oceur. 


Counter Tube Life 

When a simple gas is used for filling 
a counter, there is very little to limit 
its life to period. The 
energy of the electrical discharge is not 
great enough to change the gas com- 
position, and chemical changes of the 
electrodes can be largely eliminated. 
Changes which do occur after pro- 
longed operation of simple gas counters 
can usually be attributed to one of the 
two following causes. If the electrode 
metals have not been properly out- 
gassed, gases other than the filling gas 
may gradually diffuse out of the body 
of the electrodes and change the filling 
If chemical changes can 


any given 


composition. 
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occur at the surface of the cathode, 
changes in secondary-electron emission 
of the surface will result in differing 
characteristics. 

Mixtures of gases are frequently 
used to achieve specific characteristics. 
If any gas in the mixture is of a suffi- 
ciently complicated nature to decom- 
pose in the electrical discharge or if it 
is chemically active toward the elec- 
trodes, changes in the counter behavior 
will result. 

For the case of counters filled with a 
polyatomic gas, the decomposition of 
these molecules is a necessary condition 
for the operation of the self-quenching 
mechanism. This does not mean that 
the useful life of the counter is incon- 
veniently short, since an effort is made 
to choose organic molecules of such a 
nature that the products of the first 
few decompositions are themselves 
satisfactory quenching molecules. A 
point is reached eventually, however, 
in all counters filled with polyatomic 
gases when the self-quenching prop- 
It is not uncommon to 
achieve between 10° and 10'° counts 


with a polyatomic gas filled counter 


erties are lost. 


before the desirable characteristics are 
lost. 


Deterioration of Gas 


The deterioration of a polyatomic gas 


filling appears to be not so much the 
result of the loss of the quenching gas 
as the depositing of the decomposed 


molecular fragments on the cathode. 
Merely refilling a polyatomic gas 
counter which has ceased to function 
does not in general restore its operating 
properties. It is usually necessary to 
wash the counter electrodes with an 
appropriate solvent to revive the sur- 
face coating of the molecular decom- 
position fragments before the counter 
can be refilled to exhibit its original 
characteristics. In this connection 
some diatomic molecules such as the 
halogens (10), which exhibit  self- 
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quenching properties, and which do not 
permanently should not 
show this type of deterioration. 


decompose, 
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Radioautography in Biological Research 


This survey of the biological fields in which radioautography 
has proved useful illustrates the extensive range of applica- 
tions the technique has for precise determination of the spatial 
distribution of radioactivity in both plant and animal tissues 


By AUBREY GORBMAN 


Department of Zodlogy, Barnard College 
Columbia University, New York 


RADIOAUTOGRAPHY is a 
detecting and recording radiant energy 
within tissues or other materials through 
its effect upon photographic plates. 
It is, therefore, the instrument of choice 
in determining the precise topographic 
or spatial distribution of radioactive 


system for 


substances. 

In a sense, radioautography may be 
considered the morphologic aspect of 
radioisotope study, just as Geiger or 
electroscopic measurements might, anal- 
ogously, be considered physiological or 
Since the radioautograph 
correlating 
functional 


functional. 
provides the 
anatomical structure 
properties, it is a_tool that is finding 
application especially in the hands of 
biologists. Although exploitation of 
this new technique has hardly begun, it 
is now obvious that radioautography 
can be of greatest value in studying 
many difficult biological problems. 

This review has been designed to 
provide a survey of the biological fields 
in which radioautography has proved 
useful. It is hoped that such a pres- 
entation may indicate the areas of re- 
search in biology in which the graphic 
studies of radioisotopes may be em- 
ployed most rewardingly. 

One of the most attractive features of 
the radioautographiec techniques, in 
the eyes of many biologists, is their 
simplicity. The preparation of a radio- 


30 


means for 
with 


autograph requires no equipment which 
is not usually found in a biological 
laboratory other than the radioactive 
material itself. The technical and 
procedural data of radioautography 
were reviewed in this journal by Titus 
C. Evans (13) and will not be dealt 
with in this survey. 


Limits of Usefulness 

Their nonquantitative or semiquanti- 
tative character frequently has been 
mentioned as a disadvantage of the 
radioautographic techniques. It 
should be pointed out, however, that, 
within the dimensions in which the 
radiographic method is most useful, 
the instruments of more exact measure- 
ment, the Geiger counter and electro- 
scope, offer no solution. For example, 
radioactive phosphorus is_ selectively 
accumulated by certain randomly oc- 
curring lymphoid structures in the wall 
of the intestine. Geiger counts of 
whole intestinal segments, since they 
are made from masses of tissue con- 
taining a greatly predominating pro- 
portion of structures not participating 
in the function in question, offer a 
poor measure of radiophosphorus con- 
centration in each punctate area of 
accumulation. By microdensitometric 
measurements of radioautographs, 
Axelrod and Hamilton (2) recently have 
provided a method of quantitation 


June, 1948 - NUCLEONICS 





ch 


us 
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vhich should prove of great value in 
this respect. 

counting 
nethods have at times been compared, 


The radiographic and 


ith varying conclusions, as to their 
elative sensitivities. Since the areas 
f greatest usefulness of the methods do 
not very often overlap, this comparison 
of great moment. 
has estimated that a total 
2,000,000 to 10,000,000 


disintegrations per square centimeter 


probably is not 
Hamilton 
density of 


re required for sufficient blackening 
of a photographie emulsion to vield a 
From a 
practical standpoint, then, the counting 


satisfactory radioautograph. 


methods are clearly the more sensitive. 
On the other hand, by extending ex- 
posure of the film over a period of nine 
to ten months, enough radiation has 
been accumulated to produce a satis- 
factory radioautograph under conditions 
in which Geiger counting might have 
given equivocal results (7). 

\ very pertinent feature in consider- 
ing the limits of usefulness of radio- 
ultimate resolving 
ability to discriminate 
between adjacent sources of radiation. 
valuable 
contributions of the radioautographic 


iutography is its 


power, or 
Certainly some of the most 


technique may be expected eventually 
microdistribution of 
chemicals within the cell. With the 
best application of beta and gamma- 
ray-emitting isotopes in the autographic 
technique, however, different workers 
report limits of resolution of twenty 
to forty micra. This places the present 
usefulness of the technique within the 
histological, and outside of the cytologi- 
cal, range. Individual alpha particles, 
in traversing a photographic emulsion, 
a definite straight line. This 
be traced backward to the 
exact point of emission, providing the 
ultimate in resolving power in a radio- 
autograph. Several investigators have 
reported such use of alpha emission 
histological sections, and one 
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in studies of 


create 
line ean 


from 


from micro-organisms (8, J//, 14), but 
none have as yet reported observations 
of intracellular though 
such observations would seem to be 
feasible. Unfortunately, 
alpha-particle 
ordinarily encountered in living sys- 
tems. Isotopes of some of the physio- 
logically important elements such as 
carbon-14, phosphorus-32, sulfur-35, 
chlorine-36, and calcium-45 are pure 
beta-particle emitters, having no 
gamma radiation. It is hoped that by 
forming radioautographs of such beta 
emission in a strong magnetic field the 
direction of the charged beta particles 
can be influenced sufficiently to afford 
considerable improvement in resolution 
(38). 


localization, 


none of the 


emitters are elements 


Botanical Applications 

Botanists were among the first to 
adopt the radioautographic technique 
when cyclotron-produced radioisotopes 
became available. Arnon, Stout, and 
Sipos (1) studied the distribution of 
radiophosphorus, P®*?, 
phate in a nutrient solution fed through 
the roots of tomato plants. They 
were able to lend support to the view 
that phosphate moves upward with 
the transpiration stream, and that the 
initial regions of 
phosphate were the regions of greatest 


given as phos- 


accumulation — of 
transpiration. Radioautographs of to- 
mato fruits in various stages of maturity 
showed a marked difference in phos- 
phate localization between green and 
ripe fruit. 
an avidity for phosphate, and an intense 
localization in the pulp and especially 
the seeds. In ripe tomatoes very small 
amounts of P*? appeared, and were 
restricted to the pulp. The investi- 
gators interpreted this as meaning that 
mineral metabolism in the seed is 
halted at some point in the develop- 
ment of the fruit. The seed of ripe 
fruit had already embarked upon a 
resting state in their experiment, at 
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Green tomatoes exhibited 











FIG. 1. Radioautograph of a section of 

squash fruit and of sections of petiole and 

stem from a squash plant given radio- 

phosphate. Concentrations are visible on 

the surface and in seeds of the fruit and 

in phloem and interfascicular cambium of 
the stem. Colwell (3) 





least insofar as phosphorus metabolism 
was concerned. 

Colwell (7) followed the rate and 
routes of distribution of P** applied to 
the leaves of squash plants as an aque- 
ous solution of NasHPO, He found 
that the normal channel of distribution 
of phosphate from the leaf to the plant 
was through the tubules in the phloem 
(Fig. 1). Autographs of cross sections 
of the stem showed this. Treating the 
leaf petiole with boiling water appeared 
to plug the phloem tubes by coagula- 
tion. Under this circumstance radio- 
active material applied to the leaf did 
not reach the stem but was restricted to 
spreading instead through all parts of 
the treated leaf (Fig. 2). By altering 
the conditions under which the radio- 
phosphate was administered (dehy- 
drating the plant as a whole, increasing 
the area of application), Colwell could 
induce flow of the mineral through the 
xvlem tubes of scalded petioles. This 
was demonstrated in radioautographs. 

Colwell observed other peculiarities 
of distribution of radiophosphate in the 
squash plant. In the fruit P** con- 
centrated in the seeds and on the sur- 
face. In autographs of seeds the 
embryo was quite distinct as a region 
of P*? accumulation. Another zone 
of accumulation was the interfascicular 
cambium in the stem. Colwell con- 
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siders that P*? accumulation in thie 
embryo and cambium is evidence of 
the higher rate of mineral metabolism 
there. 

Harrison, Thomas, and Hill (2; 
have made a radioautographic study 
of the distribution of radioactive sulfur 
in wheat kernels after giving the isotope 
to growing plants as gaseous SO, or as 
sulfate through the roots. Kernels 
were examined when they first formed, 
two to five weeks after treatment 
S°*5 was in much greater concentration 
in the kernels than elsewhere in the 
plant. Within kernels, the heaviest 
localization was in the embryo, the 
aleurone layer, and the cells just 
beneath it. A smaller amount of S® 
appeared in the inner part of the endo- 
sperm, but the pericarp was almost 
free of it. This distribution coincided 
with the known distribution of protein 
in the kernel, and other evidence 
indicated that the S** was most likely 
present in combination with protein in 


the seed. 


Isotope Studies in Invertebrates 

It seems remarkable that only a 
few studies have appeared in the litera- 
ture dealing with isotope distribution 
in an invertebrate. Such investiga- 
tions would seem to offer great promise 
in metabolic studies, and in identifica- 
tion of the character of organs whose 
function is unknown or subject to 
controversial interpretation. 

The distribution of P**-labeled phos- 
phate has been followed in four insects 
(wax moth, mealworm, cockroach, and 
firebrat) by Lindsay and Craig (34). 
The insects were fed the radiophosphate 
and sectioned by the freezing method 
(sections subject only to aqueous ex- 
traction) or the paraffin method (sub- 
ject to aqueous, alcoholic and fat sol- 
vent extraction). Autographs prepared 
from the two kinds of sections yielded 
essentially similar results, indicating 
that very little P*? was in phospholipid 
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combination; most of that detectable 
was in phosphoprotein combination, 
even in the fat bodies. In all four in- 
sect species the epithelium of the mid- 
intestine was an active site of P* 
accumulation, suggesting to Lindsay 
and Craig that it might be a region of 
phosphorylation, possibly for the mobi- 
lization of fat. Newly formed tissues 
like the wing bud, the gonad, and the 
gonoducts also stored much P*? as phos- 
This suggested a com- 
parison with neoplastic tissues which 


phoprotein. 


behave in a similar fashion. 

The deposition of I'*! in larval and 
adult Drosophila fed with radio-iodide 
has been demonstrated autographically 

L5 By far the greatest accumula- 
tion in this insect was in the chitinous 
Solubility behavior ap- 
peared to indicate that the radio-iodine 
was coupled with a scleroprotein, and 


exoskeleton. 


FIG. 2. 


Radioautographs of leaves upon 
the surface of which radiophosphate solu- 


tion was placed. In normal leaf in upper 

figure, collection of absorbed phosphate 

and flow into petiole is evident. Petiole 

tubules of lower leaf were plugged by 

heat, causing phosphate to spread through- 
out leaf. - Colwell (8) 
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was not incorporated in the carbohy- 
drate of the chitin itself. 


Radioautographic Studies of Thyroid 

The early availability of radioactive 
I's! of high activity from 
deuteron bombardment of tellurium 
has made possible a considerable volume 
of research in thyroid problems. The 
thyroid in vertebrates is essentially 
unique in its ability to accumulate very 
high concentrations of iodine, convert- 
ing it into the globulin-coupled hormone 
thyroxine. 


specific 


Comparative anatomy and physiol- 
ogy of the thyroid. In invertebrates 
there is no organ morphologically com- 
parable to the vertebrate thyroid gland. 
However, in the protochordates, which 
are the invertebrates most closely allied 
to the vertebrates, the endostyle, a 
ciliated groove in the ventral pharynx, 
has long been considered homologous 
to the thyroid. Gorbman (17) found 
no evidence of radioiodide accumula- 
tion in radioautographs of the endostyle 
of three protochordate species, Am- 
phiorus, Styela montereyensis, and 
Perophora annectens. In  Perophora, 
however, a species which has finger-like 
stolons anchoring it to its rock sub- 
stratum, a tissue within the stolon, the 
stolonic septum was found to store I'*". 
This tissue is an embryologic derivative 
of the endostyle, and so is probably 
more acceptable as a homologue of 
the thvroid than the endostyle itself. 


Embryology of the thyroid. Auto- 
graphic studies have been made of 
three species, the lamprey, frog, and rat, 
to determine at what stage of embryonic 
development their thyroids first have 
the ability to store, in protein-bound 
form, I'*! which is given as iodide. In 
the fresh-water lamprey Entosphenus 
lamottenii, which spends five years as a 
larva. I'*! accumulation is demon- 
strable during the first year of life (19) 
At this time iodine metabolism appears 
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FIG. 3. 


radioactive iodide-containing water for 24 hours. 
prepared from this section (note difference in magnification). 
iodide is restricted to a single layer of epithelial cells in the endostyle. 


Photomicrograph of endostyle of lamprey larva which had been placed in 


Right figure is a radioautograph 
The accumulation of 
Gorbman and 


Creaser (19) 





radioautographs to the 


limited in 
single layer of cells lining a pouch, 
known as the endostyle, which is de- 
rived from the ventral pharynx (Fig. 3). 
Iodine metabolism here can be said to 
occur in the morphologic precursor, or 
anlage, of the thyroid, even before it 
has undergone its definitive differentia- 
tion into follicles. 

Similar tests made in the frog embryo 
(20) showed that in this form, too, 
thyroid function begins early in de- 
velopment, in the tailbud stage, when 
follicle formation was just beginning in 
the thyroid rudiment (Fig. 4). In 
the fetal rat this-test was made by in- 
jection of radioactive iodide into the 
mother (21). Autography of fetal 
thyroids showed that iodine accumula- 
tion was delayed until the eighteenth 
day of gestation (Fig. 5). This was 
correlated with the first formation of 
glandular follicles. Since the total 
length of pregnancy in the rat is 21 
days, this means that thyroid function 
does not begin until 90% of gestation 
is completed. It would be interesting 
to learn what factors initiate such early 
thyroidal function in the free-living 
larvae of the lamprey and frog or delay 
it so long in uterine embryos of the rat. 

Radioautographic work has _ shed 
some light on another problem of 
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thyroidal embryology. The thyroid of 
virtually all vertebrates studied has 
been found to form by the fusion of 
both median and lateral pharyngeal 
rudiments. It has been maintained 
by some embryologists, though not 
without controvery, that lateral rudi- 
ments degenerate without contributing 
appreciably to the adult gland. 

Recently it was reported (18) that in 
a mouse a duct was found leading from 
the lateral pharynx into one lobe of the 
thyroid. Within the thyroid, tissue de- 
rived from this duct was seen to assume 
the form of typical thyroidal follicles. 
Radioautographs showed that follicles 
most directly continuous with the 
lateral pharyngeal duct did not store 
iodine, while those which were further 
removed from the duct showed transi- 
tionally an increased ability to perform 
this function (Fig. 6). These data 
would seem to lend support to the view 
that the lateral thyroid rudiments do 
contribute to the definitive thyroid 
gland. Further, they indicate the pos- 
sibility that the thyroid gland may not 
be physiologically equivalent in all its 
parts. 

Studies of adult mammalian thy- 
roids. In considerations of the hor- 
monal synthesis and storage in the 
thyroid gland it has always been a 
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F FIG. 4. Radioautographs of thyroids of frog larvae of different ages, and photo- 
or- micrographs of the sections from which these autographs were prepared. In the last 
the column are autographs of the whole lower jaws of tadpoles of different age. The 


growth in size and iodine accumulativeness of the two thyroid lobes is evident. 
Gorbman and Evans (20) 
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FIG. 5. 


Photomicrograph of the thyroid (large half-moon shaped mass of tissue) 


and its radioautograph from 19-day rat fetus whose mother was injected with radio- 


iodide. 


This autograph is relatively feeble compared to that of a 20-day fetus and 


therefore represents the beginning of iodine-storage ability in the fetal thyroid. 


Gorbman and Evans (2/) 





difficult matter to determine the site 
of these activities. Leblond (22) was 
able to show in radioautographs that 
soon after administration radio-iodide 
is diffusely distributed in the gland. 
Shortly, organically bound I'*! can be 
found in the cells, and finally, in the 
storage phase, it is located in the col- 
loid. Storage within the colloid also 
has been shown in radioautographs of 
developing thyroids of frogs (16). 
Leblond has shown, further, (22, 31) 
that when areas of iodine accumulation 
are correlated with the staining reac- 
tions in the colloid of trichrome stained 
glands, the first loci of accumulation 
are in follicles with basophilic colloid. 
He, therefore, considers basophilic col- 
loid as that containing recently formed 
hormone, while acidophilic colloid is re- 
garded as ‘‘older.”’ 

Interesting application has 
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been 


made of radioautography as a means of 
checking the completeness of surgical 
thyroidectomy in experimental animals 
(41, 42). If tracer doses of I'*! are 
given such animals shortly before 
autopsy, films exposed to the tissues 
of the cervical region reveal the pres- 
ence and location of bits of thyroid tis- 
sue which escaped surgery, or which are 
of an accessory and anomalously placed 
nature. 

A number of autographic studies have 
been made of normal, hypoplastic, and 
hyperplastic thyroids of man and ex- 
perimental animals (10, 25, 26, 31, 33) 
confirming the quantitative data which 
have been found in connection with 
iodine accumulation under these vary- 
ing conditions. 

Neoplastic thyroid tissue. A great 
deal of interest has devolved on whether 
or not thyroid carcinoma has the ability 
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FIG. 6. 
radioautograph. 


Frontal section of the thyroid and trachea of an adult temale mouse, and its 
Point-by-point comparison may be made by reference tu tue letters 
a, b, c, d, e, f, and g in both photographs. 
is connected to an anomalous lateral pharyngeal duct and stores no iodine. 
of f and g are parathyroid and thymus, respectively. 


A large area of thyroid between a and b 
The areas 
Gorbman (18) 





of normal thyroid to store iodine. If 
it has, then it would seem that therapy 
through auto-irradiation by localized 
high doses of I'*! would be possible. 
The earlier autographic data of Hamil- 
ton, Soley, and Eichorn (25) seemed to 
deny this possibility. In two patients 
with thyroidal adenocarcinoma, they 
found a lack of iodine in the carcinom- 
tissue when tracer doses of 
I'3! were actively localized in adjacent 
normal thyroid tissue. More recently, 
however, others (37) have found auto- 
graphically that some thyroidal car- 
cinomas do retain administered I'*! and 
that at least temporary remission may 
be obtained with large doses of the 
isotope. Frantz et al. (16) have used 
films wrapped around the leg of such a 
patient to locate a femoral metastasis. 


Embryology of the Chick 


atous 


A very interesting application of 
radioautography has been made re- 
cently by Smith and Gray (43) in a 
study of the distribution of copper in 
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chick embryos. They injected Cu® ion 
into the egg white and later removed the 
incubated chick embryos. Radioauto- 
graphs were made of the whole mounts. 
Regional localizations of copper were 
found in all ages studied (19 to 84 hours’ 
incubation). Earliest localization was 
in the primitive streak. A succession 
of localizations occurred in an anterior- 
posterial gradient. This was especially 
marked in the early central nervous 
system in which the most anterior brain 
structures autographed very strongly. 
As they became organized and under- 
went early growth, Cu® accumulated 
in the eye, auditory and olfactory 
placodes, limb and tail buds, allantois, 
pharyngeal pouches, and somites. The 
authors point to the parallel distribu- 
tion in the embryo of oxygen uptake 
and cytochrome oxidase concentration, 
shown by previous authors. They sug- 
gest that copper may play an important 
part in those metabolic activities of the 
embryo which accompany or accom- 
plish differentiation. 
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It would seem that the radioauto- 
graphs of Smith and Gray point to the 
possibility of a new experimental tool 
for the embryologist. Localized ac- 
cumulation of isotopes could provide 
the means for selective radiant destruc- 
tion of certain embryonic structures 
without the use of microsurgery. 
This would be decidedly advantageous 
in experimenting with embryos like 
those of the chick or mammal which are 
relatively difficult to approach. 


Normal and Neoplastic Lymphoid Tissue 


It has been, of course, a primary 
task in cancer research to discover 


chemical substances which accumulate 
selectively in cancerous tissue to permit 


radioisotope irradiation therapy, if 
possible. As long as investigations are 
limited to the use of simple inorganic 
compounds of the radioactive elements, 
it does not seem very likely that this 
objective will be achieved. It is to be 
hoped that when specific organic com- 
pounds of these isotopes become more 
generally further progress 
can be made. 

The use of radioactive 
treatment of thyroidal carcinoma has 

The only other pos- 
has appeared in the 


available 
iodides in 


been described. 
sibility which 
literature is implied in the high con- 
centration of radioactive polonium 
(28, 29) and phosphorus (30, 36) in 
lymphoid tissue which has been shown 
by both the counting and radioauto- 
graphic techniques. Lacassagne clearly 
demonstrated the localization of po- 
lonium in lymphoid and haematopoietic 
tissues as early as 1924, and was the 
first to make radioautographs from 
histological sections. He observed that 
the polonium accumulated as well in 
placental chorionic tissue, in inter- 
stitial cells of the testis, in atretic 
follicles of the ovary, and in the zona 
reticularis of the adrenal cortex. The 
use of polonium has not yet been at- 
tempted for treatment of tumors of 
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lymphoid tissue though it was obviously 
suggested in Lacassagne’s work. Bene- 
ficial effects have been claimed in 
treatment of lymphatic and myelog- 
enous leukemia, polycythemia vera, 
and lymphosarcoma with radiophos- 
phate (36). 


Autography of Bone and Teeth 

Discussion of radioisotope work with 
bony tissues should be divided into 
those studies involving elements ordi- 
narily encountered there (P, C, Ca, 
and the chemically similar Sr), and 
those considered strange to bone (Pb, 
Ra, I, Th, Pu, etc.). 

Pecher has made a series of auto- 
graphic observations (40) on the locali- 
zation of strontium in skeletal tissues. 
In the long bones, the first and strong- 
est deposition of strontium occurred 
in the regions of new-bone formation in 
the epiphyseal dise and accumulation 
occurred in the metaphysis as well. 
Pecher and others (40, 44) have found 
that strontium localizes in osteogenic 
sarcoma. Calcium behaves in the 
same manner as strontium in bone (40), 
but use of Ca‘ in radioautographic 
work in the past has been attended by 
such disadvantages as low available 
specific activity and low beta-radiation 
energy. 

Phosphorus, though a normal con- 
stituent of skeletal tissue, localizes in 
numerous other foci in the body, as has 
been brought out in earlier parts of 
this survey. A number of workers 
(12, 30, 32, 40) have supplied radio- 
autographs showing accumulation of 
radiophosphate in bone, zones of calci- 
fying cartilage, and in teeth (both 
dentine and enamel). 

The accumulation of radio-carbon 
(C*), given as carbonate, has been 
pictured recently in autographs by 
Bloom, Curtis, and McClean (6). In 
contrast with the tendency of P®* and 
Sr® to appear in areas of newly forming 
bone, C4 accumulated in regions of pre- 
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existing bone. ‘The danger should be 
obvious to workers who deal with this 
isotope (half-life more than 5,000 
years) from the fact that measurements 
for as long as four months after the 
original deposition in bone showed no 
appreciable decrease in radioactivity. 

Deposition of radiophosphate in 
teeth, as in bone, is greatest in areas 
of new deposition of enamel or dentine 
Bartelstone et al. (3) made 
an interesting application of radio- 
autography in the study of I"! distribu- 
tion in adult teeth. They injected 
radioiodide into cats and rats and 
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exposed to film prepared sections of 
the animals’ teeth. The autographs 
showed a rather uniform iodine dis- 
tribution in dentine, and enamel, and 
slightly more in the cementum. This 
was taken by the authors as evidence 
of a dynamic fluid equilibrium between 
the calcified structures and the blood. 


Metabolism and Osteal Localization 

of Heavy Metals and Fission Products 

Finkel (75) has described some inter- 
esting experiments on the effects on 
offspring of injection of plutonium 
and of Sr8® into pregnant mice. The 
young were born with higher equiva- 
lent amounts of Pu and Sr per body 
weight than the mothers retained. 
Severest effects on the young were 
seen after radiostrontium salt injec- 
tions. In these animals, as was shown 
in radioautographs, Sr®* accumulated 
in bone with resulting retardation of 
growth, skeletal malformations, and 
anemia. In such mice living more 
than 200 days, osteogenic sarcoma was 
apparently induced by the 
radiation localized in the bones. If 
treated mothers suckled normal young 
of untreated mothers, Finkel found 
that they received Pu and Sr®* through 
the milk. 

Accumulation of radiolead (radium 
D or thorium B) has been shown in 
radioautographs to occur in bone, liver, 
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FIG. 7. Radioautograph of the leg 
bones of a rat given radiolead after frac- 
ture of the tibia. Radiolead is most 
energetically deposited in the healing 
callus at the point where calcification is 
most active. Behrens and Baumann (4 





kidney cortex, spleen, and mucosa of 
the alimentary tract. Adipose tissue, 
skin, brain, and muscle were essentially 
free of lead, as were the submucosa 
and muscularis of the digestive organs 
(4). Behrens and Baumann (4, 4) 
made an extensive study of the cireum- 
stances under which lead deposition 
occurs in the bones of rats and mice. 
They found that the principal con- 
centrations of radiolead were in the 
regions of new epiphyseal and _ perios- 
teal bone formation. They found, 
further, that lead accumulated in any 
other area where calcification was in 
progress either normally, or experi- 
mentally induced. For example, ac- 
companying atypical calcification in 
the stomach, kidney, lung, or heart, 
consequent to massive treatment with 
calcium salts or irradiated ergosterol, 
depositions of lead could be radioauto- 
graphed in these organs (Fig. 7, 8). 

In a more extensive study, Lisco, 
Finkel, and Brues (35) have noted 
the appearance of osteogenic sarcomas 
in rabbits, rats, and mice following ad- 
ministration by injection or feeding of 
radioactive strontium, yttrium, cerium, 
or plutonium. Localization in the 
skeleton was demonstrated autographi- 
cally. Sarcomas appearing after plu- 
tonium treatments were predominantly 
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FIG. 8. Radioautograph of the heart of 

a rat given radiolead after a massive dose 

of vitamin D. Areas where calcium is 

being deposited in the large vessels, and 

apparently in coronary vessels, are sites 

of radiolead deposition. Behrens and 
Baumann (6) 





in the vertebral column. Tumors 
induced by Sr, Y, and Ce were found 
principally in the long bones. No 
reason for this difference was apparent. 
Carcinoma of the colon was found after 
Y®*! feeding, seemingly because of the 
lack of intestinal absorption of this 
substance which resulted in extended 
epithelial irradiation. 

Hamilton (24) recently reported 
the results of experiments with a large 
number of radioactive fission products 
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and heavy metals whose distribution 
and metabolism in the organism was 
followed by autographic and by count- 
ing technique. The elements studied 
were strontium (Sr®*, Sr®), yttrium 
(Y®), columbium (Cb), zirconium 
(Zr®), ruthenium (Ru!, Ru?!°), tel- 
lurium (Te!*7, Te), iodine (I'*), 
xenon (Xe!%%), cesium (Cs!*5), barium 
(Ba'*®), lanthanum (La™®), cerium 
(Ce!#!, Cel), praseodymium (Pr!?), 
element 61 (61'*7), protoactinium (Pa?*!), 
thorium (Th?**), neptunium (Np**9), plu- 
(Pu?9), (Am?4!), 
ecurium (Cm*4?), 


tonium americium 


The elements were given 
ally, orally, or in some cases by inhala- 
Only Sr, Ba, Te, I, 
and Cs were found absorbable from the 
gut. 
the lungs, and eliminated by the same 


parenter- 
tion in an aerosol. 
Xe was easily absorbable through 


route. It was necessary to give the 
remaining elements parenterally. Io- 
dine, as was to be expected, accumu- 


lated in the thyroid. Te was rapidly 


lost from the body after a transitory 


accumulation in blood and_ kidney. 
C's also was rapidly lost after an initial 
slight concentration in muscle tissue. 
Except for ruthenium, which was 
quickly excreted, all other elements 
studied, including Ba and Sr (Fig. 9), 
had a high degree of skeletal localiza- 
tion and retention. 

In the case of La, Ce, Pr, 61, Am, 
and Cm there was a brief concentration 
in the liver which soon decreased, 
apparently by way of excretion through 
bile. Once localized within the bones, 
the slowest rates of elimination were 
found for Sr, Y, Zr, Ba, La, Ce, Pr, Pu. 
Radioautographs showed details of 
histological localization differed for Sr 
on the one hand and Y, Zr, Ce, Th, Pu, 
and Am on the other hand. Some 
months after administration, strontium 
was found generally distributed through- 
out the mineral structure of bones. 

Plutonium, and the elements behav- 
ing like it, were found associated with 
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FIG. 9. Section of bone from radio- 

strontium injected rat, and its radioauto- 

graph. Sr is apparently distributed 

throughout the mineral part of the bone. 
Hamilton (24) 





the periosteum, endosteum, and trabec- 
Hamilton was able to 
correlate this distribution in autographs 
with the osteoid matrix 
material Essentially the 


ular bone. 
presence of 
(Fig. 10). 
same type of autograph was obtained 
after a year as shortly after injection, 
indicating that the presence of Pu in 
osteoid matrix was not, as in the case 
of lead (4), associated with new calcium 
It is pointed out (9, 24) 
that the osteoid accumulation of such 
alpha-particle-emitting isotopes, of long 
half-life, presents a dangerous situation, 
since it exposes the bone marrow to 
prolonged irradiation of a very de- 
structive type. Furthermore, pluto- 
nium inhaled as an aerosol was found to 
remain in the pulmonary alveoli, in a 
significant concentration, for more than 
eight months. 

These findings are of undoubted 
value. It would be of greatest interest 
to learn more of the metabolism of 
these substances since the behavior of 
most of them is unknown in living 
systems. Some of them are new even 
to the periodic table, having only 
recently emerged from laboratories of 
atomic nuclear study. 
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deposition. 
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in 


FIG. 10. Section of bone from pluto- 

nium-injected rat, and its radioautograph. 

Pattern of plutonium distribution is essen- 

tially that of periosteum and endosteum. 
Hamilton (24) 





Distribution of War Gases in the Skin 

Axelrod and Hamilton (2) have been 
able to observe radiographically the 
integumentary penetrativeness of mus- 
tard gas labeled with S** and lewisite 
labeled with As74. These studies were 
made on the skin of man and pigs, 
and on the cornea of rabbits. Mustard 
gas in radioautographs was seen to pene- 
trate the epidermis rapidly, reaching 
the dermis soon after administration. 
Within the dermis, it accumulated in 
hair follicles, sebaceous glands, and 
walls of blood Lewisite, on 
the other hand, was fixed principally 
in hair follicles and epidermis and blood 
vessels in the dermis. The authors 
consider the deep penetration of la- 
beled mustard gas as explanatory of the 
deep burns it produces, and the selective 
effect of both poisons on deep blood 
vessels as responsible for the dis- 
turbances in circulation characteristic 
in affected areas. 


vessels. 


at 








Summary 

The radioautographic technique has 
proved of greatest usefulness in the 
precise identification of areas of dis- 
tribution or localization of radioactive 
isotopes within the organism. It has 
been applied profitably in a diverse 
series of fields of study in biology and 
medicine. 

In botany the vascular routes of 
movement of phosphorus have been 
studied, and localization in cambium, 
seeds, and other foci has been demon- 
strated. The distribution in the seed 
of radiosulfur given to the plant as a 
whole also has been shown in radio- 
autographs. 

The early availability of radio-iodine 
has made possible numerous studies of 
the thyroid. Radioautographs have 
been used to identify iodine metaboliz- 
ing tissues in lower chordates which 
have no thyroid, to indicate when the 
thyroid of embryos begins to function, 
and to that 
derived follicles in the adult thyroid do 
not metabolize iodine. Autographs 
have furnished visual evidence that 
colloid is the site of hormonal storage, 
and that basophilic colloid is of recent 
formation. Further, autography has 
provided a practical means for locating 
scraps of thyroid remaining after incém- 
plete thyroidectomy, and for locating 
metastatic growths of thyroidal carci- 
noma. The ability or inability of 
thyroidal cancers to engage in iodine 
metabolism has been shown in this 
way. 

The localization of radiophosphorus 
and polonium in lymphoid tissue has 
been recorded in  radioautographs. 
Neoplastic lymphoid tissues also have 
been shown to be foci for phosphorus 
deposition. 

Bone has proved to be the place of 
selective localization of a large number 
of radioisotopes. This is of especial 
interest in understanding the health 
hazard inherent in these isotopes, and 
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show ultimobranchial- 


the pattern of toxicity to be expected 
from them. Ca, Sr, P, and C are 
readily deposited in the mineral struc- 
ture of bone, and the details of their 
behavior in relation to the epiphyseal, 
periosteal, and endosteal zones of 
ossification have been visualized in 
autographs. 

Accumulation of Sr in osteogenic 
sarcoma has suggested therapeutic use- 
fulness. On the other hand, Sr and 
several other osteotropic radioactive 
elements have themselves proved to be 
carcinogenic, inducing the appearance 
of osteogenic sarcoma in experimental 
animals. 

Numerous heavy metals and radio- 
active fission products have been auto- 
graphed in bone. The conditions under 
which radiolead accumulates there 
have been especially well studied in this 
way. Autographs of plutonium and 
several similar elements in bone proved 
that their concentrations occurred in 
the mineral-poor osteoid regions rather 
than the mineral part of bone, as is 
the case for Ca, Sr, P, and C. 

The details of integumentary and 
corneal penetration have been auto- 
graphed for mustard gas and lewisite 
labeled with radioactive S and As. 
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Chemical Effects of Nuclear Transformations’ 


The extensive chemical changes induced by nuclear processes 
are described, with a review of the contribution which their 
study has made to the understanding of nuclear and molecular 


phenomena. 


The new field of “hot atom chemistry” is 


defined and logically developed from basic considerations 


By R. R. EDWARDS 


Department of Chemistry and 


Laboratory for Nuclear Science and Engineering 


Massachusetts Institute of Technology 
Cambridge, Massachusetts 


SINCE THE Discovery of artificial radio- 
activity and its rapid development into 
an important and complex field in its 
own right, chemistry has grown steadily 
in importance as an ally of nuclear 
physics. Illustrative of this is the 
expanding range of applications of 
radioactive tracers to the study of 
chemical phenomena. Of equal in- 
terest, however, is the use of chemistry 
in the study of nuclear phenomena; 
for example, the products of nuclear 
reactions can be readily isolated and 
identified by means of analytical chem- 
istry. 

This application was demonstrated 
dramatically in the case of fission of 
uranium. In 1938, four years after 
fission was first observed, Hahn and 
Strassmann (1) recognized the true 
nature of the process when they 
identified barium and lanthanum among 
the reaction products. Later a large 
fraction of the spectrum of fission 
products of U*** was determined by 
chemical means (2). 

The study of the chemical changes 
resulting from nuclear transformations 
is further evidence of the alliance of 
chemistry with nuclear physics. Al- 
though little attention has been given 


* Work supported in part by the Office of 
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this subject, it is of scientific interest 
from several points of view. The 
energy release in nuclear processes pro- 
vides recoiling atoms with energies as 
high as 95 Mev. The behavior of such 
species is of interest to the chemist 
since the energy required for ionization, 
for destruction of molecular species, 
and for the formation of new com- 
pounds is obviously available in many 
cases. The occurrence and origin of 
such phenomena will be illustrated in 
the material which follows. 

Chemical study of newly formed 
energetic atoms may yield information 
about the nuclear processes themselves, 
since the energy, degree of ionization, 
and, consequently, the chemical state 
of the recoiling atom are functions of 
the nature of the nuclear process. 
Applications of this sort have already 
appeared in the literature and will be 
reviewed below. 

Thus, the so-called ‘‘chemistry of hot 
atoms” may be defined as the subject 
which considers primarily the behavior 
of atoms energized by virtue of recoil 
momentum, or by virtue of electronic 
excitation, arising from transitions in the 
nucleus of thesameatom. The subject 
may well be taken as part of, or closely 
associated with, the general field of 
radiation chemistry. 
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TABLE 1 


Nuclear Transformations 




















Classification Process | General Equation Ezample 
Particle emission a-decay zA™ — (z_2B™-® + :Het | 920295 — gyTh?3 
| + »He* 
B-decay ZAM —+ ¢741,B¥ + 8 ssBr*3 — geKr*? + B~ 
Photon emission Isomeriec | zA”* + 7A” 4 y ssBr8°* — g,Br®° + ¥ 
Transition (or e-) 
Neutron absorption n,y zAM + on! zAM+2 4 ssBr®! + on! 
Photon emission — ssBr*? + 7 
Neutron absorption 
Proton emission n,p zA™ + on! ¢z-1»B™ + 1H! | s2Te!2* + on! 
— «Sts + ,H! 
Nuclear Fission nf 92U 236 —> ggKr! 
+ ssBa'4? + 2on! 
ENERGY PARTITION For any particle the kinetic energy is 


The energy relationships between the 
particles or radiations and the emit- 
ting nuclei can be grouped in a few 
categories: (a) particle emission, (b) 
photon emission, (c) particle absorp- 
and (d) nuclear fission. Com- 
binations of the above reactions are, 
of course, quite common, and sometimes 
treatment in energy 


tion, 


require special 
calculations. 
Some nuclear reactions illustrating 
these phenomena and their combina- 
tions are listed, with examples, in 
Table 1. The nature of the various 
processes will be discussed in more de- 
tail after the general equations for 
energy partition have been developed. 


Particle Emission 

The kinetic energies of heavy par- 
ticles seldom require relativistic treat- 
ment. In 8 emission, however, the 
relativity correction is usually neces- 
sary. Since this nuclear process is 
especially prominent, we shall derive 
relativistically the equation relating 
energy of the emitted particle with 
that of the recoil atom. 
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given by 


E = (m — my)c? (1) 
and the momentum by 
p = mv (2) 


where mp is the rest mass of the par- 

ticle, c is the velocity of light, and m 

is the relativistic mass 
Ps mo 


n =—; —— | (3) 
V1 — (v?/c?): 

The energy and momentum of the 

recoil atom may be expressed non- 


relativistically since the velocity of the 


latter is small compared with the 
velocity of light. Thus, for the recoil 
nucleus 

Er = MV?/2, pr = MV (4) 
If momentum is conserved, 

MV =m = 4 (5) 


V1 — (v?/c*) 
Squaring and multiplying by [(c*/v*) 
— 1] gives 


ore «xe M?y? = moc? (6) 

From equations 5 and 6 
M?V? = (m* — mo*)c? (7) 
45 











MV? 

ae = a 

oie, (m — mg)c E (8) 
From equations 8 and 4, 


i os m + mo (9) 


2M 
Equation 9 is the general expression 
for the recoil energy of a nucleus fol- 
lowing particle emission. For non- 
relativistic particles, equation 9 re- 
duces to 
Er = (mo/M)E (10) 
Particle Absorption (Capture) 
When a stationary nucleus captures 
an energetic particle, the equation of 
momentum conservation (equation 5) 
must apply as in the case of particle 
emission. In this case, the mass M 
is that of the compound nucleus, m is 
the relativistic mass of the incident 
particle, EF is the kinetic energy of the 
particle, and Ep that of the compound 
nucleus. By means of an _ identical 
derivation, equation 9 is seen to apply 


to the capture process as well as to that 


of emission. The non-relativistic sim- 
plification (equation 10) will usually 
suffice unless the (heavy) bombarding 
particle is of extremely high energy, 
such as that obtained with the linear 
accelerators or frequency-modulated 
eyclotrons. A 100-Mev proton, for 
example, moves with about one-third 
the velocity of light, so that the 
relativistic mass is only about eight 
percent above the rest mass. The 
interaction of relativistic electrons with 
nuclei is not of sufficient importance to 
require special treatment here. 


Photon Emission 
A photon of energy E = hy carries a 
momentum equal to hv/c, or E/c. 
In photon emission, the momentum of 
the recoil nucleus must equal that of 
the photon 
MV = E/c (11) 


The kinetic energy of the recoil nu- 
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cleus Ep = 4%MV?; thus 
(MV)? E? 
Er = -=>7- = sw 
2M 2Mc? 

The recoil energy can be obtained in 
units of ergs, electron volts, or Mev by 
substituting the values of EZ? and Mc? 
(energy equivalent) in the correspond- 
ing units. The mass M, in this case, 
is the mass of the atom in grams rather 
than its mass number. Solving the 
equation, and expressing Mc? in Mev, 
we see that 

: 536 X 107° E? 

Re a Deg 

M 
where M is the mass of the recoiling 
atom in atomic mass units and both 


(13) 


energies are in Mev, 


Nuclear Fission 
The energetics of fission can be treated 
as a special case of particle emission in 
which the two resulting fragments are 
of comparable mass and energy. Let 
E, represent the total kinetic energy of 
the fission fragments, and let M,, Ms, 
V,, and V2 be the masses and velocities 
of the fragments. Then, from 
servation of momentum * 
M.V, = M.V2 (14) 
Conservation of energy requires that 
M.V:? , M2V?? 
“3 t73 
From equations 14 and 15 
(MiVi)? , (MiVi)? _ 
2M, 2M, 
Solving for (M,V,)?/2M, 
» M: , 
ee CS Aw 
The lighter of the two fission fragments, 
then, will have greater energy, and 
consequently greater velocity, than 
the heavy product. The value of FE, 
may be estimated by calculating the 
electrostatic potential energy (Z,Z2e?/r) 
of the two product nuclei in contact 


con- 


(15) 


, 
= fy 


(16) 


* The small contribution to the momenta by 
the excess neutrons released in fission is neg- 
lected here. 
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at the instant of fission; r may be ob- 
tained approximately from the equation 

r= 1.5 X 10-5(M,5 + M,4), (17) 
and the ratio of the charge values 
Z;/Z:) may be considered approxi- 
mately equal to that of the mass values 
M,/M)). 

Use of these equations to find the 
reaction energy for the case of sym- 
metrical fission, 7.e., when Z; = Z: = 
16, and M, = M; = 118, yields 208 
Mev in approximate agreement with 
Extrapolation of Jent- 
schke’s data (25) to the case of sym- 
metrical fission gives 175 Mev as the 
most probable total kinetic energy of 
the fission products. 


experiment. 


NATURE OF CHEMICAL EFFECTS 
Experimental study of the chemical 
effects accompanying nuclear processes 
has been meager. Nevertheless, theory 
and results can be compared in selected 


cases 


Radioactive Decay Processes 
§ Particle Emission. In equation 9 
it is shown that a @ particle of energy 
Eg imparts to the decaying nucleus a 
recoil energy Er = [(m + mo)/2M]Eg. 
The relativistic mass m of the 8 par- 
ticle relative to its rest mass can be 
calculated from equation 1, and is 
ie — hed (18) 
mo moc 

Substituting the energy values in Mev, 
m_ Eg + 0.51 

m G58 


For convenience in calculating recoil 


(19) 


energies, some typical values of this 
given in Table 2. From 
equations 9 and 19, the specifie equa- 
tion applicable to 8 emission can be 


ratio are 





obtained. Thus, since m = (moKg + 
0.51 mo) /0.51, 
, _ mo(Eg + 1.02) (3 
a am) (0) 


Introducing the rest mass of the elec- 
tron and simplifying 
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TABLE 2 
Relativistic Mass of 3 Particles 





E3( Mer) m/myo 
0.01 1.02 
0.10 1.10 
0.50 1.98 
1.0 2.96 
2.0 4.92 
3.0 6.88 
5.0 10.8 
12.0 24.5 





M 

where all energies are in Mev, and M 
is the mass of the recoil nucleus in amu. 

Figure 1 shows the magnitude of the 
recoil energies as a function of 8 energy 
to be a few ev for the characteristic 8 
emitter. The most energetic 8 emitters 
known are B® and Li’, which emit 
particles with the maximum energy at 
12 Mev. The recoil energy in these 
cases is quite high 
because the nuclei are of low mass) and 


"4 9) 
Er = 536 X 10-*Eg (- + =) (21) 


(particularly so 
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approaches 7 kev per nucleus for the 
boron. 

However, the energies of 6 particles 
emitted by a given nuclide vary from 
zero to a definite maximum. The 
residual energy when E < Enmaz is as- 
signed to the neutrino. An approxi- 
mate equation for a 6 spectrum (allowed 
transition), is, by the Fermi theory, 

Ng = AE*(1 + 2E)(1 + £)* 

(Emez — E)*dE (22) 
where Ng is the probability that a B 
particle will have energy between E and 
E + dE, and A is a constant. 

The difference between the maximum 
energy and the actual energy of the B 
particle is carried by the neutrino, 
which has a rest mass less than é9 
that of the 8 particle (34), and may 
indeed have zero rest mass. The recoil 
spectrum therefore is more complicated 
to calculate than that for single, mono- 
energetic particle emission. Unfortu- 
nately very little information is available 
concerning angular correlation, if any, 
of neutrino and @ particle. Jacobsen 
(3), in retarding potential experiments 
with Kr*’, found that recoil energies 
were frequently greater than accounted 
for by the 8 particle alone, thus indi- 
eating a high probability for emission 
in the same direction. Hamilton (4) 
has calculated from theoretical con- 
siderations that emission in the same 
direction should be preferred, and has 
shown that it is quantitatively de- 
pendent on the choice of interaction 
terms employed in the calculations, and 
upon the order of forbiddenness of the 
6 transition. 

Other recent experimental work, how- 
ever, suggests that there is no highly 
preferred angular correlation. Christy 
et al. (8), in cloud chamber studies of 
B-radioactive Li* (whose Be*® daughter 
undergoes spontaneous disintegration 
into two alpha particles), observed that 
the momenta of recoils due to the 8 
decay were too great to be accounted 
for by the 8 particle alone, and were 
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best described by equations assuming 
no preferred angle between 6 and 
neutrino. Sherwin (6) reports that 
momentum is not conserved between 8 
and recoil atom in P*?, and his results 
(time of flight measurements) indicate 
that the probability for emission of 8 
and neutrino in the same hemisphere 
is low. The energy spectrum of the 
recoil atoms could not, however, be 
simply expressed. Above 25 ev the 
spectrum was given by a (1 — b cos @) 
expression, but more recoils were ob- 
served below 25 ev than predicted. 
Although this phenomenon could not 
be satisfactorily explained, it might 
have been due in part to a “work func- 
tion’”’ for removal of the recoils from 
the surface on which they are formed, 
and perhaps also to scattering of recoils 
by the surface. 

The recoil spectra for the three cases 
discussed should differ markedly. Uni- 
directional emission leads to total recoil 
momenta equal to the sum of those of 8 
and vy; emission in opposite direction, 
the difference; and isotropic emission, 
the vectorial sum, as treated by Libby 
(7). If the neutrino is regarded as a 
quantum, its momentum can be ex- 
pressed as E,/c, while that of a rela- 
tivistic 8 particle (from equation 2) is 


2 
aa v (23) 


Pp = mv = [ 
Solving the Einstein relation (equa- 
tions 1 and 3) for v, we find 
c V Eg? + 2moc*Eg 

Eg + moc* 
Substitution of this value into equation 
23 gives 





v= (24) 


ae V Eg? + 2moc*Eg 
Fe c 

for the momentum of the 6 particle. 
We may solve directly for the energy of 
the (non-relativistic) recoil nucleus from 
the relationship Er = p*/2M where p 
is the resultant of the 8 and vy momenta 
in the particular case of angular cor- 
relation chosen. Thus 
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Pp (25) 








a) For emission in the same direction 


(0 = 0 deg): 
r, = e+ Pe)” _, 56 x 10" 
ee ain x 


(\/ Eg? + 1.02E3 + E,)? Mev (26) 
h) For emission in opposite directions 
# = 180 deg): 
: (pp — py»)? - 536 X& 10-8 
ea M 
(+ Eg? + 1.02E, — E,)*? Mev (27) 
c) For isotropic emission, as treated 
by Libby (7): 
ps? + py? + 2psp, cos 0 
2M 
536 X 1076 
M 


E r= 





[Eg? + 1.02Eg 
+ E,? + 2E, V Es? + 1.02Es3 
cos 6] Mev (28) 


Figure 2 shows the general features of 


the spectra for these three cases; the 
probability N(#£) for a given energy 
partition is taken from the Fermi equa- 
tion (22), and the recoil energies caleu- 
lated for a 8 emitter whose Emaz is 2.0 
Mev The three curves have the same 
probability scale (ordinate) and energy 
scale, and each has been normalized to 
unit probability. 

Chemical studies might prove useful 
in resolving this uncertainty. From 
Fig. 2, the fraction of recoils having 
energies above any given minimum is 
strongly dependent on the angular 
correlation of 8 and neutrino. Con- 
sequently, the efficiency of rupture of 
chemical bonds in the decay process 
might also show such dependence. In 
illustration, a bond whose energy is 
100 keal/mol (4.3 ev) might be broken 
in every case if the angle is near 0 deg, 
whereas a large fraction of the molecules 
would remain intact if there is no pre- 
ferred angle, or particularly if emission 
tends to occur at angles near 180 deg. 
Clear-cut results in such experiments 
should be welcome because of the dif- 
ficulties in direct determinations of the 
angular correlation (inability to detect 
the neutrino, difficulty in detecting 
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FIG. 2. Recoil spectra for various cases 
of 8 » angular correlation; M = 10¢ 
amu, E,,... = 2.0 Mev 





recoil nuclei) 

The fraction of the recoil energy 
which may be utilized in bond rupture 
in such processes has been considered 
by Suess (8). If the atom M in the 
molecule Mm is given a momentum p, 
the resultant energy, Ey = p?/2M, is 
divided between translational energy of 
the total mass (Ly4m) and internal 
energy (£;) of the molecule leading to 
activation or dissociation. Thus 

Ey = Evy, + E; (29) 
If the molecule does not dissociate 
instantaneously, its kinetic energy 
(conservation of momentum) must be 
p* 
2(M + m) 
The difference between this energy 


Eu +n = 


(30) 


and the initial energy of the individual 
recoil atom must go into excitation or 
bond strain. Thus 


a P2 _ a 
se 2M 2(M +m) 
or 
. m . : 
E; = Vin Eu (31) 


The fraction of the recoil energy avail- 
able for bond rupture will thus be 
appreciable if the radioactive atom is 
bonded to another atom or group of 
the same or greater mass, and will 
become small only when a heavy radio- 
active atom is bonded to a very light 
partner. 
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The velocity of a recoil atom after B 
emission is of the order of 105 cm per 
sec (M = 100, Er = 5 ev). This is 
considerably less than the velocity of 
orbital electrons. 

Under these conditions, orbital elec- 
tron loss because of acceleration of the 
nucleus is regarded as unlikely (32). 

If no disturbance of the orbital 
electrons occurs, the daughter atom 
wil be in an oxidation state one unit 
more positive than its parent, since 
the nuclear charge is increased by one 
unit. This phenomenon has been ob- 
served (9) in the of trivalent 
La'43 (19 m half-life) decaying to Ce! 
(33 h half-life), an experimental mini- 
mum of 60% of the Ce being found in 
the tetravalent state. In the decay of 
Se83 as SeO;" ion, only about 35% of 
the Br® product was found as BrO,;-, 
the remainder being present in more 
reduced forms (9). The origin of the 
reduced bromine species is unclear. 
If the neutrino is strongly oriented with 
the B particle the resulting recoil 
energy appears sufficient to disrupt the 
BrO;~ ion in the majority of disinte- 
grations. For the other postulated 
modes of angular correlation, outright 
disruption seems unlikely. However, 
in all cases the radioactive BrO;~ ions 


“ase 


which survive the recoil process will be 
highly excited. The decomposition to 
BrO- and QO, is exergic and may have 
an activation energy no greater than 
the excitation from recoil. Radio- 
hypobromite ion thus produced would 
be counted as reduced bromine in the 


experiments as would part of its dis- 


proportionation products. 

The assumption above that orbital 
electrons are not disturbed by the 6B 
process per se is, however, insecure. 
The probability of A-electron ejection 
subsequent to 8 emission, according to 
Feinberg (10), is 0.3/Z?. The loss of 
valence electrons is stated to be much 
more probable. In processes with in- 
crease in nuclear charge, the electronic 
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configuration which constitutes the 
ground state of the atom before the 
transformation becomes an_ excited 
state after the event. Energy which 
may add up to several hundred electron 
volts must be dissipated; this may be 
accomplished through ionization. 
Thus, chemical effects may follow 8 
decay even when the recoil is small and 
the presumptive product molecules 
chemically stable. 

a-Particle Emission. The expres- 
sion for recoil energy in a-particle 
emission can be simplified to the non- 
relativistic form, since the relativistic 
mass is very nearly equal to the rest 
mass in all known cases of @ radio- 
Therefore, from equation 10, 


Ea (32) 


activity. 

3 4 

Er => M 

where E£ is the energy of the @ particle, 

and M is the mass number of the recoil 
nucleus. 

Study of the chemical state of recoil 
atoms from a@ decay has not progressed 
beyond examination of the charge on 
the particles. Ordinarily the source is 
a solid foil and the discordant results 
obtained probably reflect the inter- 
action of the recoil atoms with the 
varying material of the source and 
the gas between source and collector 
(29). Two apparently significant de- 
terminations of the charge resulting 
from the nuclear process itself have 
been reported. McGee (30) deposited 
RaC(Bi) on a highly polished nickel 
plate taking great care to obtain a 
very thin clean layer. The RaD(Pb) 
recoils from the a decay of RaC’(Po), 
produced in turn by the 8 decay of RaC, 
were examined for charge in an ion 
chamber. The recoils carried an av- 
erage of one positive electronic charge. 
The author commented that if the 
recoils were initially Pb**+ ions, one 
charge would probably have been 
removed by interaction with the nickel 
foil. Mund, et al. (31), observed the 
behavior in an electric field of recoil 
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RaA(Po) atoms from the @ decay of 
radon at very low pressures and con- 
cluded that the average charge carried 
was close to two positive electronic 
charges. 

The results are not in accord with the 
rule which predicts self-ionization only 
if the nuclear velocity exceeds orbital 
velocities of the least stable electrons 
82, 383). The orbital velocities of 
the first and second valence electrons 
of Pb calculated from ionization po- 
tentials are approximately 1.5 X 108 
and 2 X 108 em per sec, respectively, 
while the velocity of the Pb atom from a 
9 Mev a decay of RaC’ is only 3.9 X 107 
The relative velocities for 
Po atom from radon 
decay are yet more disparate. How- 
ever, the rule has been formulated to 
deal high velocity 
particles 


cm per sec. 


the case of the 


with collisions of 


with stationary atoms, 
whereas a nuclear process intrudes as an 
factor in the under 
The ionization observed 
evidence of a_ perturbation 
resulting from the an @ 
particle through the electron shells of 


idditional case 
discussion. 
may be 


passage of 


the radiating atom or from the abrupt 
decrease in nuclear charge with loss of 
the @ particle. 

y Emission; Internal 
from 
nuclear state to another usually in- 
volves rather small amounts of energy 
compared with that in 8 decay. The 
isomeric transitions which have reason- 
ably long half-lives generally involve 
energies of only a fraction of a Mev. 
The recoil energies (Fig. 1) of the nuclei 
in such low energy processes may be 
produce observable 


Conversion. 


rhe transition one isomeric 


insufficient to 
chemical effects. 
The problem is best illustrated with 
an example which has been rather 
extensively studied. The nuclide Br®°* 
undergoes isomeric transition accord- 
ing to the following scheme: 
4.4 h Br®°*-—+18 m Br® + 48.9 kev 
The recoil energy of the 18 m Br*® 
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nucleus in the emission of a 48.9 kev 
y-ray is calculated from equation 13 
to be 0.016 ev. This value approxi- 
mates thermal energies and should not 
induce chemical However, 
if the y-ray is converted in the L-shell 
of the atom, so that an L-electron is 
emitted, the electron has an energy 
of 47.2 kev, giving the recoil atom an 
energy of 0.34 ev. This amounts to 
about 7.8 kcal/mole, which, although 
it represents an appreciable activation, 
is still less than the energies of most 
chemical bonds. Furthermore, 
version in the K-shell is much more 
probable, leading to recoils of only 5.9 
keal/mole. 

Nevertheless, Halford, 
Seaborg (36), and, at the suggestion of 
these, DeVault and Libby (1/4), sought 


changes. 


con- 


Segré, and 


and found a peculiar reactivity for the 
18 m Br isomer. The decay of 4.4 h 
Br®** in (CH;);Br produced 18 m Br 
separable from the organic products 
with aqueous HBr (36), while that from 
aqueous BrO; precipitated from 
ammoniacal solution with AgBr (1/4). 
Further, Willard (15) observed that 
the daughter isomer from the parent as 
Br. displaces chlorine in CCl,, while 
DeVault and Libby (76) noted reaction 
with CS:. Similar behavior is reported 
for other compounds of bromine under 
varied conditions (8, 13, 16). 

Since such reactions are not charac- 
teristic of thermal bromine atoms, and 
since insufficient recoil energy is avail- 
able to induce them, an alternative 
explanation was required. This was 
found in the Auger process of ionization 
associated with internal conversion. 
When an electron is ejected from the 
K-shell of the radiating atom, the 
vacancy is filled by an electron from a 
higher shell and a characteristic X-ray 
is emitted. The new vacancy is filled 
in a similar manner producing a second 
X-ray. The X-radiation in turn may 
be internally converted, increasing 
the number of unfilled orbitals. The 
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process ends when the vacancies have 
migrated to the least stable orbitals. 

From theoretical calculation on the 
Auger effect by Wentzel (38) and 
fluorescent yields, DeVault and Libby 
(16) estimated that at least 16% of the 
transition in Br®°* caused loss of all 
valence electrons, over 60 % caused loss 
of four or more, less than 10 % lose only 
two, and less than 2% lose only one. 
Cooper (17) has calculated the average 
excess. charge on the Br®® atom to 
be 4.7 units after the hole in the 
M-shell is filled. If the Br atom is 
bound in a molecule this charge will 
probably be distributed among the 
various atoms, producing electrostatic 
repulsions of sufficient force to rupture 
the bonds. For the case of two atoms 
10-§ cm apart, each carrying a single 
electronic charge, the repulsive energy 
is e?/10-* = 2.3 K 107"! ergs, equiva- 
lent to 331 kcal/mole, which is greater 
than the energies of chemical bonds. 
The highly reactive radioactive ion 
thus produced may subsequently add 
directly to neighboring molecules. Or 
if decomposition of the latter is induced 
and the radioactive atom remains in 
the vicinity by virtue of a solvent 
“cage” effect, combination with a 
fragment may follow. 

The hypothesis that the chemical 
effects observed in isomeric transition 
stems from the ionization in internal 
conversion rather than from recoil was 
tested by Seaborg, Friedlinder, and 
Kennedy (18). With the upper isomer 
of Zn® in diethyl zinc molecules, no 
disruption was observed in the isomeric 
transition. In the case of Te!?’ and 
Te!#® as diethyl tellurium, a large 
fraction of molecules were destroyed. 
The calculated recoil energy from the 
Zn y-ray is 40 kcal/mole, while that 
of Te!?’ is 9.2, and of Te!*® only 6.6. 
However, the Zn*® y-ray is not con- 
verted, and no charge is produced. On 
the other hand, the y-rays from the Te 
isomers are highly converted, ioniza- 


tion should follow, and the observed 
bond rupture finds an explanation, 

As an illustration of the contribu- 
tions of these studies to nuclear physics, 
the extent of conversion of the y-rays 
of Br®® has been shown by chemical 
methods to be greater than 85% (35). 
Accurate physical measurements in the 
case of such soft radiations are not 
easily made, but the efficiency of 
chemical bond rupture in the isomeric 
transition can be determined directly. 


Nuclear Bombardment 


Under the classification of nuclear 
bombardment is included the wide 


range of particle bombardments and 
photon excitations which have now 


been studied. Bombardment with a 
given particle or with photons can lead 
to a variety of stabilizing reactions, de- 
pending on the nuclear charge of the 
target and the bombarding energy. 
For the present purpose, the reactions 
will be divided into high-energy (par- 
ticle and photon) bombardments, and 
thermal neutron bombardments. 

High-energy Bombardments. When 
a nucleus absorbs a highly energetic 
bombarding particle, it attains a 
kinetic energy Er given by equation 10, 
and an excitation energy E — Eg. 
The compound nucleus will undergo a 
stabilization reaction in a period of 
10-2! to 10-* seconds (19): (a) usually 
by particle emission if this is ener- 
getically possible; or (b) by photon 
emission if insufficient energy is avail- 
able for particle emission. 

In these processes, the kinetic energy 
of the bombarding particle, E,, plus 
the mass decrease of the reaction in 
energy units, Q, equals the sum of the 
kinetic energies of the emitted particle, 
E., and residual nucleus, £3: 

E,+Q=E£,+E8; (33) 
This equation holds for any three par- 
ticle process provided the bombarded 
nucleus is initially at rest or the kinetic 
energies are relative to the center of 
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mass. The relative magnitudes of EF: 
ind E; depend upon the masses of the 
product particles and the angular cor- 
relation, if any, between the bombard- 
ing and emitted particles. The energy 
partition for the case of no angular cor- 
relation is treated by Libby (7, ap- 
pendix B). 

If the nucleus is highly excited by the 
bombarding particle, the secondary 
process may occur within an extremely 
short time. If the binding energy of a 
neutron is exceeded, stabilization by 
neutron emission may occur in 107?! to 
10-48 seconds (19); similarly, if, in ad- 
dition to the binding energy, the energy 
equivalent to the Coulomb barrier is 
supplied, a proton or alpha particle 
may be emitted within such short 
periods. 

Lifetimes of the excited states will be 
much longer, however, when a poten- 
tial barrier must be penetrated, and in 
general when stabilization occurs by 
photon emission.* Lifetimes for the 
latter may extend from 107" to 1076 
seconds (19) depending on the spin 
change and multipole order of the 
In such cases of relatively 
long-lived excited states, particularly 
in condensed media, the compound nu- 
cleus may attain near thermal kinetic 


transition. 


energy by collisions before undergoing 
the secondary stabilization process. 
\s an example let us take a recoiling 
compound nucleus with a reasonable 
velocity, say 5 X 107 cm per sec., 
whose life expectancy is 10-!* seconds. 
If its path is to be collision-free until 
the stabilization process occurs, it must 
travel several hundred atomic diam- 
eters. This is extremely improbable 
in a liquid, impossible in a close-packed 
solid, and has only a 50% chance in 
a gas at atmospheric pressure. A few 





* An important reaction of this type is the 
(d,p), in which the nucleus may attain a high 
translational momentum without achieving 
great excitation energy. In the efficient O 
penheimer-Phillips process, the nucleus entenlly 
undergoes an (n,y) reaction with the polarized 
deuteron 
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collisions will, in general, reduce the 
energy greatly since the collision partner 
will frequently have a mass near that 
of the compound nucleus. 

For many purposes, therefore, the 
high energy reactions should be treated 
as two separate processes particularly 
when the bombardments are of solids 
or liquids. The energy equations for 
the two processes involved can then be 
written as follows: 

Process (a): 

When the bombarding particle or 
photon reacts with the nucleus, the 
momentum of the resulting compound 
nucleus will be equal to that of the 
incident particle or photon, so that 
from equation 10, Er = (m/M)E, 
where M is the mass of the compound 
nucleus and £ is the incident energy. 
Process (5): 

The compound nucleus will be re- 
duced to near thermal energy by col- 
lision, so that the total energy of the 
secondary process will be the sum of 
the excitation energy (HK — Ep) and 
the mass-energy released in the overall 
reaction (Q). Thus, if the subscripts 1, 
2, and 3 refer to incident particle, 
emitted particle, and residual nucleus, 
respectively, and M is the mass of the 
compound nucleus: 

my 


E.+E, = E, (1 ‘ ir) +Q (34) 


The momenta (mv). and (mp); are 
equal, so that 
(mv) ;? (mp) ;? 


2m: 2m; 
mi 
=z, (1 - ir) +@ (5) 
Therefore, since mz + m; = M, 


B= Blea - 7) +@| @o) 
E; then is the recoil energy in the 
secondary process. For heavy nuclei, 
particularly when Q is large (positive), 
the equation may be expressed approxi- 
mately as 





m 


2 
E; = y ii +2 (37) 
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Equation 36 will apply to all reac- 
tions involving particle bombardment 
For the 
(d,2n) reaction, the angular depend- 


and single particle emission. 


emitted neutrons is not 
known, so that no definite equation can 
be derived. 

For such reactions as the (p,y) in- 


ence of the 


volving photon emission in process (b), 
the radiation energy may be obtained 
approximation from the 
equation neglecting the recoil energy: 
, , my 
E,;=E,(1—-3z)+Q (38) 
M 
and the recoil energy can be obtained 
then from equation 13. 
No chemical studies of the products 


as a good 


discussed 
The 


energetic character of the processes indi- 


of such reactions as those 


above have as yet been reported. 


cates that extensive chemical changes 
should be induced. 

Thermal Neutron Bombardments. 
The nuclear reactions produced by 
thermal neutrons are of two types: (a) 
the (n,y) reaction which occurs with all 
stable nuclei, and (b) the (n, particle) 
reactions, which occur only with nuclei 
of low atomic numbers, 7.e., where such 
reactions are exergic. 





cent CS. in CCl, was irradiated with 
neutrons, and about half of the active 
S* produced was found in the Cs, 
molecules (37).* 

The (n,y) reaction is the most ex- 
tensively studied with regard to chem- 
Szilard and Chal- 
mers (22) found in 1934 that on neutron 
irradiation of ethyl iodide an appreci- 
able fraction of the radioactive iodine 
This 
procedure has since proved to be a 
valuable source of radioactive mate- 
rials of high specific activity, and has 
been applied to a large number of 
The energy released in 
thermal neutron capture is just the 
binding energy of the neutron in the 
new nucleus, and approximates 8 Mey 
If this energy is released 


ical consequences. 


could be obtained as free iodine. 


elements. 


as an average. 
as a single quantum, a nucleus of mass 
100 receives a recoil (equation 13) of 
344 ev, or 7950 kcal/mole. This is 
much greater than the energies of 
chemical bonds, and should lead to 
rupture of the parent compound in 
every case. However, the energy of 
the nucleus is sometimes dissipated in 
two quanta of comparable energy. In 
this case, if one assumes isotropic dis- 


Among the latter are found such re- “tribution of the quanta, the recoil spec- 


actions as the three (n,p) reactions: 
$32(n,p)P*?; Cl*(n,p)8*; N'4(n,p)C'*, 
The recoil energy is given by equation 
36, with the simplification that F, is 
essentially zero. The chemical nature 
of 85 produced by neutron bombard- 
ment of KCl crystals is now under 
study. The indications are that it 
exists in the crystal as S”, or is in 
some reactive atomic form which is 
oxidized in water to SO,4, since the 
latter form is found to contain all the 
active S* after the irradiated KCl 
is dissolved in water (20, 21). The 
high-energy S* recoils from neutron- 
bombarded CCl, exchange efficiently 
with the S atoms in CS:, a reaction 
which does not occur at ordinary tem- 
peratures. A solution 10 volume per- 
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trum would extend to zero energy for 
the cases when the two momenta cancel, 
and a fraction of the parent molecules 
might remain intact. 

In the earliest experiments where 
solids and liquids were bombarded, it 
was indeed observed that a good frac- 
tion of the radioactive atoms produced 
were present chemically in the original 
form. However, the experiments of 
Suess (8) with ethyl bromide in the gas 
phase showed complete separation of 
the radioactive Br from EtBr. This 
served as conclusive evidence that the 
bonds are broken in every instance, and 
required an alternative explanation for 
the so-called “retention” observed in 


* The yield of S* by the reaction S*4(n,y7)S* 
is unimportant here. 
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the liquid bombardments. This was 
found in the Franck-Rabinowitch “cage 
In liquid alkyl halides, 
the recoiling halogen atom may collide 
with atoms either much lighter than 
itself (C and H) or with those essen- 
tially its own weight. In the former 
cases, only a small fraction of the re- 


hypothesis.” 


coil energy is imparted to the struck 
particle, whereas in a halogen-halogen 
collision, much or all of the excess 
energy may be transferred. If such a 
collision occurs while the recoil atom 
still has enough energy to break a C-X 
bond, it may be immobilized in the 
vicinity of a reactive free radical or ion. 
In condensed media, the probability is 
high that reaction between the two 
will occur, and this is observed to be 
the case. 

Dilution with a compound of light 
elements, as demonstrated in the case 
of CBr, and C.H;OH (23), decreases 
the probability of halogen-halogen col- 
lisions, and thus the probability that 
the recoil atom will be caught in a 
reactive cage is correspondingly re- 
duced. Similarly, in the gas phase 
the probability that the recoil atom will 
be held in a “cage” following a bond 
rupturing collision is much reduced. 

Characteristic chemical forms of the 
(n,y) reaction products are shown in 
Table 3. In the case of HBr, Suess 
identified the product as atomic 
bromine by observing its selective 
reactivity with acetylene. The reac- 
tion normally is photochemical and thus 
requires atomic Br. The predominance 
of reduced forms among the products 
has not been very satisfactorily ex- 
plained. In the case of KMnQ, in 
aqueous solution, Libby (24) has 
assumed the rupture of one or more 
manganese-oxygen bonds, and postu- 
lated formation of MnO;*, MnO,*3 and 
even MnO*5, or Mn*’, if the oxygen 
atoms capture the bonding electron 
pairs because of greater electroneg- 
ativity. These unstable species should 
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TABLE 3 


Szilard-Chalmers Reactions 


Target Chief Disruption 
Compound Products 

NaClo,; Cl*, Cl 
BrO; Br®, Br 
tO; Io, I 
KMn0O, MnO 
Sse0.~ Se 
SeO0;~ Se 
TeOy Te 
AsO,4" Ast 
AsH; As 
HBr Br 
RX (CLBr,D X° 
oX Xe 





react rapidly with the aqueous medium 
Reactions which might occur are: 
Repuction: 
4MnO;* + 2H,0 — 30, + 4H* 
+ 4MnO, (summary of several steps) 
HypRo ysis: 
MnO;* + H.O — MnO, + 2H* 
MnO;* + OH- — MnO, + H* 
In acidie or neutral solution nearly all 
the radioactive manganese is recovered 
as MnOsz, while in alkaline solution the 
chief product is MnO,-. Thus the 
reduction reaction appears to predom- 
inate in acid, and the hydrolysis by OH 
in alkaline solution. 


Nuclear Fission 

Measurements of the ionization pro- 
duced by fission fragments, and of 
their range in matter by Jentschke (25), 
Flammersfeld (26) and others, have 
given about 175 Mev for the total 
kinetic energies of the two fragments. 
Mass numbers between 72 and 158 
have been found, with the most frequent 
split (in U*5) at about 95 and 139. 
From equation 16, the kinetic energy 
values for these particles are found to 
be 104 and 71 Mev, respectively. This 
corresponds to an energy of 1.5 X 10-4 
ergs for the light fragment. Its ve- 
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locity is »v = »/(2E/M), or about 1.5 
< 10® cm per sec. This velocity can 
be compared with that of orbital elec- 
trons by use of the Bohr equation giv- 
ing an approximation of the latter: 


_ 2re® 
o= “nh 


For a fission fragment of atomic num- 
ber 45, the effective nuclear charge, 
Z.ss, for a single electron in the N-shell 
(n = 4; 29th electron) is very approxi- 
mately 45 — 28 = 17 so that »v =9 
< 108 em per sec, or somewhat less 
than that of the recoil nucleus. A 
similar calculation for one electron in 
the M-shell gives a value of v = 2 
< 10® cm per sec, which is somewhat 
greater than the recoil velocity. Thus 
the estimate suggests that a fission 
fragment loses its N, O, etc., electrons, 
and some of its M electrons, yielding 
an ion with charge > 10e, perhaps as 
high as 20e. More precise treatments 
of the problem have been given by 
Knipp and Teller (32) and Bohr (33). 

Perfilov (27) reported experimental 





Luts (39) 


values of about 20¢ from measurements 
of mv/e in observation of fission product 
recoil tracks on photographic plates. 
Lassen (28) deflected the recoils with a 
cyclotron magnet, and determined 
charge values of 20e¢ for the light frag- 
ment and 22e for the heavy fragment. 
As yet the chemical behavior of these 
energetic, highly ionized atoms has not 
been described. 
* *¢ 6 

Note: The valuable assistance of Prof. 
C. D. Coryell and Prof. M. Deutsch 
of MIT is gratefully acknowledged. 
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Nuclear Physics of the Deuteron and Other 
Two-Particle Phenomena—!* 


The phenomenological approach to the problem of two-parti- 
cle nuclear systems reviewed here is shown to provide a 
direct means for deducing the fundamental nuclear forces 


By M. E. ROSE 


Oak Ridge National Laboratory, Oak Ridge, Tennessee 


[HE PRIME IMPORTANCE Of experimental 
ind theoretical investigations of seatter- 
ing of slow and fast neutrons and of 
protons by hydrogen nuclei has often 
heen stressed in nuclear-physies litera- 
ture. Together with the study of the 
properties of the deuteron which consti- 
tutes the bound or stationary state of 
the neutron-proton system, these prob- 
lems may be said to form the keystone 
of nuclear physics. This becomes ap- 
parent when one considers that the 
description of all nuclear phenomena is 
almost entirely dependent on a knowl- 
edge of the forces acting between 
nuclear particles. Only with two- 
particle nuclear systems is the problem 
sufficiently simple to entertain any hope 
of obtaining such knowledge. More- 
over, to the extent that nuclear forces 
act essentially between pairs of particles 
only, study of two-particle problems 
must take precedence over all others. t 


* Part 2, the second half of this paper, will 
appear in the July Nucieonrcs. It includes, 
along with an appendix to the whole paper, a 
discussion of scattering of neutrons by ortho- 
and parahydrogen, p-p scattering, interaction 
with electromagnetic radiation, and noncentral 
forces, 


+t There is some theoretical reason for sup- 
posing that many-body forces, depending on 
the simultaneous coordinates of three or more 
particles, may exist. However, these forces 
are very probably of secondary importance and 
should be admitted only when the supposition 
of two-particle forces alone has demonstrably 
failed. In any case two-particle forces, whieh 
do exist, can be studied independently in two- 
particle phenomena. 


NUCLEONICS - June, 1948 


One may attempt to deduce the 
nature of these forces in either of two 
ways: 

1.) The deductive or field-theoretic 
approach wherein, on the basis of cer- 
tain postulates concerning the inter- 
action between mesons and nucleons, 
one attempts to account for the forces 
acting between the latter type of 
particles as a manifestation of the 
(virtual) emission and absorption of 
mesons by nucleons (/). Unfortu- 
nately the meson-field theory program 
has been beset by many difficulties and 
thus far has not been particularly 
successful. 

2.) The inductive or phenomenologi- 
sal approach wherein one makes a 
model of the forces; that is, one assumes 
these forces to have a certain depend- 
ence on distance between nucleons and 
on other parameters and then compares 
the predictions of calculations based 
on these assumptions with the results 
of experiment. While such heuristic 
methods are somewhat less elegant 
than the methods of field theory, they 
offer greater hope of success in the 
near future. This article is entirely 
concerned with the attempt to deduce 
nuclear forces by this second method. 

It will be recognized that in con- 
structing models one follows the path 
used so successfully in the study of 
many other physical phenomena. The 


57 





poe 7g 














situation may be compared with the 
deduction of the gravitational inter- 
action from the empirical data of 
planetary motion. Unfortunately the 
nuclear problem seems somewhat less 
simple inasmuch as the nuclear forces 
appear to be more complicated in their 
dependence on distance and, moreover, 
are dependent on other quantities as 
well (see Section J below). 

Aside from the problem of nuclear 
forces, the two-body problems are 
of particular significance for another 
reason connected with the techniques 
available for solving the problem at 
hand. This may be understood from a 
comparison with the atomic problem. 
In the interpretation of spectroscopic 
data and other problems pertaining to 
atoms, one starts with the important 
advantage that the interaction energy 
is essentially a known quantity—the 
Coulomb inverse square force between 
charged particles. * 

The only problems which can be 
solved with essentially complete pre- 
cision are those dealing with the 
motion of a single (valence) electron in 
the central field of the nucleus. This 
is the situation for the hydrogen atoms 
and hydrogen-like (alkali) atoms. For 
other atoms, with more than one val- 
ence electron, or with unclosed shells, 
the electrons move in the noncentral 
field due to the nucleus and the other 
electrons. However, because of the 
small electronic mass and the conse- 


* Some complication enters because electrons, 
as well as atomic nuclei, possess an angular 
momentum due to spin and a magnetic moment, 
and these properties profoundly affect many 
atomic phenomena. owever, these effects 
are now very well understood and quantitatively 
well accounted for. 





quent rapid motion of these electrons 
it is a good approximation to replace 
the interaction with other electrons 
by the average central field they pro- 
duce. In this way, with the aid 
of elaborate numerical procedures, a 
highly accurate representation of the 
state of affairs in all atoms may be 
obtained. 

The situation with nuclei is quite 
different. In place of the weakly inter- 
acting electrons in the long-range force 
field of the nucleus, we have strongly 
interacting nucleons subject to short- 
range forces (see J below). There is no 
predominant central particle as in the 
atomic case. On the average, nucleons 
are about 2 X 10~' em apart which is 
approximately the range of the nuclear 
forces. Their interaction energy is of 
the order of or greater than the kinetic 
energy p?/2M, where p is the momen- 
tum and M the nucleon mass. The 
momentum is readily estimated from 
the uncertainty principle which, ap- 
plied here, states that pra ~h 
(= h/2m) and rey is the average distance 
apart. With M = 1.6 X 10-* gr this 
gives an interaction energy of 5 Mev. 
In contrast, electrons in atoms, sepa- 
rated by distances of order 10-8 em, 
interact with an energy of only a few ev. 
Thus, the approximation procedure 
described above cannot be applied to 
nuclei with any hope of success. In- 
stead of considering one particle at a 
time, one must treat all of them simul- 
taneously. This many-body problem 
is mathematically prohibitive, to say 
the least. However, the difficulty 
disappears in the case of very light 
nuclei, notably two-particle systems. 


1. Qualitative Consideration of Nuclear Forces 


From a comparison of the binding 
energies of the deuteron (2.18 Mev) and 
the alpha-particle (28 Mev) one con- 
cludes that the interaction energy V 
between nucleons is of short range and 
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has the form of a narrow deep well as 
pictured schematically in Fig. 1. Here 
V <0, corresponding to attraction. 
The range ro of the interaction is 
defined so that V is essentially zero for 
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the mutual distance between nucleons 
> To 

The argument, according to Wigner, 
is as follows: If the range were large, 
then the ratio of binding energies would 
be approximately equal to the ratio of 
interacting pairs, 7.e., to 6. Actually 
the experimental ratio is 13, greater by 
a factor of about 2. With short-range 
forces we gain an advantage for the 
alpha particle in that additional at- 
tractions contract the nucleus suf- 
ficiently to bring all the pairs within 
the range of the nuclear forces, while 
in the deuteron the particles spend 
only a small fraction of the time within 
the range of mutual interaction. If 
the neutron and proton in the deuteron 
spent considerable time within the 
range of interaction, the kinetic energy 
p?/2M ~ h?/2Mr%y would become too 
large to permit the formation of a 
stable deuteron. The existence of a 
narrow deep well is all that one can 
predict with certainty about the spatial 
dependence of the forces. However, 
for many questions, the details of the 
shape of the well is not of decisive 
importance as long as it is narrow and 
deep. 

The seattering of neutrons by pro- 
tons and by ortho- and parahydrogen 
molecules, discussed in IV and V be- 
low, shows that the interaction energy 
between neutron and proton depends 
on the total spin angular momentum of 
the system of two particles. In addi- 
tion one must admit the possibility of 
a dependence of the interaction on the 
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orbital angular momentum of the par- 
ticles around their common center of 
gravity. This must be true not only 
for the forces between neutrons and 
protons but also for the forces between 
any pair of nucleons. 

This fact follows from the basic 
empirical result that the binding energy 
of nuclei is closely linear with the num- 
ber of particles in the nucleus, that is, 
proportional to the mass number A. 
If the forces were of the ordinary type, 
dependent only on the distance be- 
tween particles, it would follow that 
the nuclear binding energy would 
increase as the number of pairs of 
particles, that is, with A*. From the 
linear dependence of binding energy 
one must conclude that in some way 
sach nucleon interacts only with its 
near neighbors or with a limited num- 
ber of other nucleons no matter how 
many particles there are in the nucleus 
as a whole. 

This situation is a familiar one in 
the behavior of certain types of mole- 
cules which exhibit the same property 
of saturation of binding. For example, 
two hydrogen atoms form a stable H: 
molecule but the binding of a third 
hydrogen atom to form stable H; is 
not possible. This phenomenon has 
been completely accounted for in the 
molecular case by recognition of the 
identity of the two electrons in the H: 
molecule as a consequence of which the 
electrons have the possibility of ex- 
changing their roles. This exchange is 
complete in that not only the positional 
coordinates but also the spin coordi- 
nates of both electrons are interchanged. 
The formal recognition of this property* 
leads to forces which are spin-de- 
pendent and account for the saturation 
of binding energy. 

In an analogous fashion, similar spin- 
dependent (Heisenberg) forces, but 


* This amounts to introducing the fact that 
identical particles with spin 4}; (in units A) must 
conform to the Pauli exclusion principle. 
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with different spatial dependence, have 
been introduced in attempting to 
account for nuclear phenomena. These 
forces would have to be attractive for 
the ground state of the deuteron in 
which, from the measured spins of the 
particles (44 & for neutron and proton, 
1 & for the deuteron), the neutron and 
proton spins are parallel. The prop- 
erty of these spin forces is such that in 
the case of antiparallel spin orientation 
they provide repulsion. Now in the 
alpha particle (spin 0), the neutron and 
proton spins cancel and are antiparallel 
in pairs.* Consequently this type of 
spin-dependent force, acting alone, 
would not yield the highly stable con- 
figuration of two neutrons and two 
protons that the alpha particle is 
known to be. One would expect the 
deuteron to be very tightly bound, 
whereas, in actuality, the binding 
energy per particle is less for the 
deuteron than for any other stable 
nucleus. 

To avoid this difficulty non-spin- 
dependent forces have also been intro- 
duced in the nuclear force model. 
However, to satisfy the requirement of 
saturation these must not be ordinary 
forces. It has been postulated by 
Majorana that such forces involve an 
exchange of the positional coordinates, 
but not the spins, of the interacting 
nucleons. While the detailed mecha- 
nism of such “exchanges”’ is of no con- 
cern for the following, it is helpful, for 
the purpose of forming mental pic- 
tures, to regard this exchange as taking 
place by virtue of the meson emission 
and absorption as described by Prima- 
koff (1). It can be shown that such 
forces must then depend on the orbital 
angular momentum of the particles 


“e 





*It is also necessary to state that what is 
measured is the total angular momentum which 
is the vector sum of spin and orbital angular 
momenta. However, the orbital angular 
momenta of the nucleons in the alpha-particle 
are zero since otherwise there would be repul- 
sion due to centrifugal force and we would not 
obtain the most stable configuration corre- 
sponding to the ground state. 


60 


and that they also lead to saturation 
and therefore to linearity of binding 
energy with mass number. 

The forces described above, as well 
as a third type involving exchange of 
spins only, are referred to as exchange 
forces. In each case, for a given spin 
and orbital angular momentum, the 
force or energy of interaction depends 
only on the magnitude of the vector 
distance between particles. Such 
forces are therefore central forces and, 
since no direction in space is preferred, 
they lead to a spherically symmetric 
distribution of both neutrons and pro- 
tons around the center of gravity of 
the nucleus. Thus, nuclei would have 
no electric dipole moment or higher 
multipole moments including electric 
quadrupole. The latter is defined as 

Q = [r?(3 cos? 6 — 1)]av 
where @ is defined as the angle between 
a fixed axis and the line joining the 
nucleon to the center of gravity. For 
a spherically symmetric nucleus (cos? 
O)av = 4 and Q =0. However, the 
deuteron has been observed to have a 
quadrupole moment (2) whose meas- 
ured value is 

Q = 2.73 XK 10-27 cm? (1) 
One must therefore conclude that the 
particles are not distributed in a 
spherically symmetric manner; in fact, 
the deuteron must be cigar-shaped 
because Q > 0. Also the nuclear forces 
‘annot be wholly central. However, 
since Q is small compared to the “‘geo- 
metrical cross section”’ of the deuteron 
(0.60 < 10-*4 em?) one can conclude 
that the noncentral forces are compara- 
tively small. 

In the case of the deuteron, as in 
other nuclei with nonvanishing spin, 
there is a preferred direction in space, 
namely, the direction of the spin 
momentum. Therefore, the existence 
of a quadrupole moment demands the 
introduction of noncentral forces de- 
pending on the orientation of the vector 
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joining neutron and proton relative to 
the spin direction. There is actually 
some logical basis for the introduction 
of noncentral forces from the field 
theory where these forces take a form 
resembling the interaction between two 
classical magnets. Since these forces 
are small—and for most of the phe- 


nomena to be considered their effect 
is only of order of a few percent in the 
final results (see V///)—-they shall be 
ignored in the main part of the discus- 
sion. A re-examination of the two- 
particle problems in the light of the 
existence of noncentral forces will be 
undertaken in section V//J. 


ll. The Data of Two-Particle Phenomena 


The data pertaining to two-particle 
systems from which one may attempt 
to deduce the nuclear forces is obtained 
from the following experiments: 

(1) The measurement of the binding 
energy of the deuteron, ©, = 2.18 Mev. 
This gives information about the 
interaction between neutron and _ pro- 
ton in the state with parallel spins and 
zero orbital angular momentum. In 
the notation of spectroscopy, this is 
the %S, state.* The letter S implies 
orbital angular momentum JL = 0. 
States with L = 1, 2, 3--+~- are de- 
noted with the letters P, D, F respec- 
tively. The superscript 3 implies that 
spin angular momentum is unity and a 
vector of magnitude unity can have 
three orientations in which its com- 
ponent in a given direction is O and +1. 
In general, for a spin vector with 
magnitude S’ the number of orienta- 
tions, or the multiplicity, is 2S’ + 1. 
The subscript in the above notation is 
the total angular momentum J, which 
is the vector sum f of Z and S’ and whose 
magnitude for the ground state of the 
deuteron has the measured value 1. 

(2) The scattering of neutrons by 
protons. Particular attention must 
be given to the scattering process in 


* Actually, because of noncentral forces the 
ground state contains a small admixture of *D, 
corresponding to orbital angular momentum 
equal to 2 units. 


t+ According to quantum mechanical rules, 
vectors are added in such a way that the mag- 
nitude of the resultant may assume a finite 
number of values, with consecutive values dif- 
fering by unity. When adding Z and S’ the 
magnitude of the resultant varies from L + S’ 
to|L— S’|. Ofcourse, here L = Oand J = 8’. 
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which the neutron energy is 10 Mev or 
less. As will be discussed in greater 
detail below, the scattering of neutrons 
in this energy range is appreciable only 
if the centrifugal repulsion, and there- 
fore the orbital angular momentum, has 
the value zero. In this case the col- 
lisions are head-on and we speak of the 
scattering of S neutrons, (L = 0). For 
P neutrons, with orbital angular 
momentum 1, the centrifugal barrier 
corresponds to a classical distance of 
closest approach which, in the energy 
range cited, is greater than the range 
of the forces; consequently such neu- 
trons do not interact appreciably with 
the proton and suffer very little scat- 
tering. Since the neutron and proton 
spins in the seattering process can be 
either parallel or antiparallel, the low- 
energy scattering provides information 
about the 3S; and 4Spinteractions. For 
higher-energy scattering, which has not 
been sufficiently well investigated as 
yet, one would expect to obtain informa- 
tion about the *P and 'P interactions, 
etc. 

(3) The scattering of protons by 
protons. For protons of energy less 
than about 10 Mev, only particles with 
L =0 can be scattered appreciably. 
However, protons are identical parti- 
cles obeying the exclusion principle. 
Two protons cannot have the same 
quantum numbers and, since S protons 
have essentially the same orbital 
angular momentum, they must have 
opposite spin directions. Hence only 
the 4S interaction can be studied in this 
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energy range. Again at higher energies 
the P interaction would presumably 
come into play and the exclusion 
principle permits only the *P.* Meas- 
urements of the scattering up to 15 Mev 
have not as yet shown conclusive 
evidence for P scattering. 

(4) The quadrupole moment of the 
deuteron. 

(6) The scattering of very slow 
neutrons by ortho- and parahydrogen. 
Here one again measures the 4S and 1S 
neutron-proton interaction. In the 
scattering by a single proton, triplet 
and singlet scattering are incoherent. 
Consequently, as will be seen, one 
cannot determine from such measure- 
ments whether or not the 4S state is 
stable. The comparison of scattering 
in ortho- and parahydrogen depends on 
interference effects and is coherent. 
On this basis the question of stability 
of the 'S state can be settled. The 
same evidence can be obtained from the 
observations of neutron diffraction by 
hydrogen-containing crystals (3). 

The experiments involving inter- 
action of nucleons and electromagnetic 
radiation. photodisintegration of the 
deuteron, and radiative capture of 
neutrons in hydrogen yield no new 
information about forces. Here, in the 
photodisintegration, the *P interaction 
is involved in final state after the 


> 


deuteron has been dissociated, but the 
effect of nuclear forces is a refinement 
beyond the reach of present experi- 
mental accuracy. 

It will be seen that, aside from the 
small effect of noncentral forces, only 
three experimental parameters referring 
to neutron and proton are available 
from experiment: the binding energy of 
the 4S bound state, and the 4S and 4S 
scattering; the latter is only incom- 
pletely measured by scattering with 
single protons. Therefore, in the cen- 


* The rule is: If L is odd (even), then S’ is 
even (odd). 
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tral force approximation, a model with 
no more than three parameters may be 
adopted. Of course, one can measure 
the neutron-proton scattering at several 
energies. Agreement between theory 
and observations would then indicate 
that the parameters, range, and depths 
of potential wells, say, were energy- 
independent. On the other hand, if 
the parameters defined in terms of a 
specific spatial dependence for V(r) are 
energy-dependent, this is an indication 
that the form chosen for V(r) is incor- 
rect. In fact, observation of the 
scattering at all energies can be used, 
in principle, to determine the ana- 
lytical form of V(r) which involves es- 
sentially the specification of an infinite 
number of parameters. 

With noncentral forces a model with 
four parameters can be used. Since 
this involves an additional type of 
interaction at least one extra parameter 
is necessary. 

For the specifically nuclear inter- 
action between two protons, one has 
only the scattering measurements. 
However, as is discussed below, the 
requirement that the interaction param- 
eters, range, and depth of well be 
energy-independent permits a deter- 
mination of these two quantities. The 
requirement that the forces should be 
energy-independent has no logical basis 
other than the fact that energy de- 
pendence should be a relativistic effect 
and would therefore be expected to be 
small for nuclei. This is apparent 
inasmuch as the decisive parameter 
measuring the importance of relativistic 


effects is (“ectty? =5xX 10-71. 


It will be noted that no direct in- 
formation concerning neutron-neutron 
forces is forthcoming from a study of 
two-particle phenomena. Such infor- 
mation is first obtained when one 
considers the problem of accounting for 
the binding energy of H®*. 
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In accordance with the above, a 
model with three parameters is used. 
In the absence of precise scattering 
wide energy 


range, it is necessary to make an as- 


measurements over a 
sumption for the analytical form of the 


potential well. Four models have been 


used: 
a) ‘‘Square”’ well 
Vir) = V; (constant), r<ro (2) 
= () r>TPo 
b) Exponential well 
Vir) = —Vye72/r0 (3) 
ec) Gaussian well 
Vir) = —Vye~/r0)? (4) 
d) Meson potential 
2 en lr/re) . 
V(r) = -V; _ (5) 
r 


In each case V; (> 0) is the depth of the 
well for the triplet (S) interaction, ro 
the range. For the singlet (S) inter- 
action, the depth is V» with the shape 
of the well otherwise identical with that 
pertaining to the triplet state. Thus, 
the assumption is made that the range 
is spin-independent. It will be noted 
that the parameters ro, Vi, Vo have a 
specific meaning only in terms of the 
special forms assumed in (2) . (5), 
so that the values of these parameters 
obtained by using different models need 
not be the same. For the sake of ana- 
lytical simplicity, the square well (2) is 
used in the following. 

For the *S ground state, the known 
binding energy provides one relation 


between the depth V, and range ro: 


VM(Vi — 4) cot (* wh Lid) =) 
nh 

=—wVMe (6) 
Details of derivation are given in the 
Appendix published with the second 
half of this paper next month. A more 
convenient form of (6) is obtained by 
expanding in powers of ro. With V; in 
units Mev and ro in units 10-'* cm, we 
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Ill. The Ground State of the Deuteron 


have with sufficient accuracy 


Viro? = 102 + 9.6ro 
+ 2.6ro° + ... (7) 

It has been customary to adopt the 
values ro = 2.8 X 107 The evi- 
dence for this value is rather indirect. 
First, one finds that this is the range 
which accounts for the proton-proton 
scattering with an energy-independent 
square well 'S interaction. Second, 
the difference between the observed 
binding energies of He* and H?® is very 
closely equal to the calculated value of 
the Coulomb energy due to the repul- 
sion of the two protons in He*. Since 
the spins of like particles are oppositely 
aligned in H* and He*, one may con- 
jecture that in the 4S state, at least, the 
nuclear forces are independent of the 
presence or absence of charge on the 
nucleon. Therefore, the 'S range in 
the neutron-proton interaction would 
be 2.8 X 107" em and, on the basis 
of the assumed spin-independence of the 
range, this value would apply to the 
triplet interaction. For ro = 2.8 in (7) 
the well depth is 19.0 Mev. 

Unfortunately, for the argument, the 
range can be deduced fairly directly 
from scattering measurements and the 
simple theory of the deuteron ground 
state. Using the ortho-para-hydrogen 
scattering measurements (4) one finds 
ro = (1.5 + 0.4) X 107" cm and from 
the neutron diffraction measurements 
ro = (1.6 + 0.3) X 10-" cm. An av- 
erage value, ro = 1.55 X 107"* corre- 
sponds to V; = 50.4 Mev. In order 
to resolve this uncertainty, one may 
attempt to use the scattering data for 
high-energy neutrons by protons. Un- 
fortunately a decision cannot be made 
partly because of the relative insensi- 
tivity of the scattering data with range 
and partly because of the complications 
due to the presence of noncentral 
forces (5). 


cm. 
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IV. Scattering of Neutrons by Protons 


It is convenient to treat the scatter- 
ing problem and to present the results 
in terms of a coordinate system which 
moves with the velocity of the center 
of gravity of the two particles in- 
volved in the collision. This coordi- 
nate system will be referred to as the 
C system whereas actual observations 
are made in the laboratory or L frame 
of reference in which the proton is 
initially at rest. In the C system the 
total momentum of the two particles 
before and after collision is zero. 
Because the particles here considered 
have equal mass, the conservation of 
energy and momentum requires that 
the velocities before and after collision 
of each particle have the same value 
l6v, where v is the initial velocity of 
the neutron in the Z system. The col- 
lision on the C system is schematically 
represented in Fig. 2(a), where the full 
and dashed arrows represent velocity 
or momentum vectors before and after 
the collision, respectively, and @ is the 
scattering angle in the C system. 

Translation of results back to the L 
system is carried out very simply. If 
6 and ¢ are the scattering angle of the 
neutron and the recoil angle of the 
proton, v, v’ and vy” the initial, final 
neutron velocities and the recoil proton 
velocity, respectively, we have from 
energy and momentum conservation 

v2 = yp’? + v2 andy =v’ +v” (8) 
so that these vectors form a right tri- 
angle and 

6+ 46 =7/2 (9) 
See Fig. 2(b). Adding the velocity Wu 
to the final neutron and proton veloci- 
ties in the C system, we find 
6 = kd (10) 
The energy in the C system is the energy 
of two particles with velocity, v/2; i.e. 
E =2+-%M(v/2)? = 4 Mv? = KE, 
where E, = 44Mv? is the neutron 
energy in the L system. 
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The purpose of the scattering ob- 
servations is to measure the scattering 
cross section. The differential scat- 
tering cross section o(@) is defined as 
the number of neutrons scattered per 
second per solid angle at angle # when 
there is one incident neutron per second 
per cm*. The total cross section o 
is defined as the total scattering rate 
per unit incident flux. Thus 

a = fo(@)dQ (11) 
where dQ = sin ddddg is the element 
of solid angle. The total cross section 
is the same in C and L systems. 

The quantum mechanical descrip- 
tion of the scattering is* the following. 
In the absence of scattering, the inci- 
dent beam of neutrons traveling in the 
z direction with undisturbed momentum 
p is represented by a plane wave:* 

Wine = etP2/h (12) 
With the scattered wave, we add a 
spherical wave progressing outward 
from r = 0 where the scatterer is lo- 
cated so that the total wave, far from 
the scattering center, is 


eipr/h 


¥ = cipe/h + f(y) — (13) 


Here f(v) is the amplitude of the scat- 
tered wave which may depend on 
scattering angle. Since the density of 
particles in the outgoing wave is 
|f/r|?, the total number passing in unit 
time through an element of area dS on 
a sphere of radius r with velocity »v is 
v| f(8)|2/r? X dS. NowdS = r*dQ, and 
the density in the incident beam, from 
(12), is unity; incident flux = v, so that 
the scattering per solid angle is 
|f(8) |? r2da : 

as —-. = If(#)|? (14) 

The methods of obtaining the scat- 
tering amplitude f depend on a solu- 
tion of the wave equation already given 


o(8) =v 


1 
* Throughout we omit a time factor e A 
where E is the energy. 
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in the Appendix. We omit detailst but 
present Fig. 3 as an aid to the under- 
standing. Curve (1) represents a neu- 
tron wave in the absence of the poten- 
Its kinetic 
energy is everywhere the same and the 


tial well due to the proton. 


deBroglie) wavelength is constant. 
In the presence of the proton [eurve(2)], 
the kinetic energy is greater because of 
the attractive force for r < ro and the 
wave starts out with a shorter wave- 
length corresponding to a more rapid 
oscillation. Beyond ro, the kinetic 
energy is back to its undisturbed value 
wave length A = h/p. 
As a consequence of the potential hole, 
the wave has suffered a phase shift 7 
measures the effect of the 
scattering. It can be shown that, for 
the case illustrated, which is the scat- 


and so is the 
which 


tering of S-waves or head-on collisions, 
f(3) =a constant in angle (15) 

In fact, f is the lateral displacement in 
a horizontal direction between curves 
1) and (2) outside the potential well. 
The important conclusion to be 
drawn is that, in the C system, the 
scattering of slow neutrons is isotropic. 
Acvording to (10), the observed scatter- 
ing per unit solid angle in the L system is 
o1(3) = const. cos 0 (16) 

This result is well established by experi- 
ment for all neutron energies up to 
at least 10 Mev. At about this energy 
the neutron wavelength becomes equal 
+ The reader may consult H. A. Bethe, “ Ele- 


mentary Nuclear Theory" (John Wiley & Sons, 
Inc., New York, 1947) ‘ 
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to the range of the forces and the effect 
of the scattering of P waves should 
become observable. 

In fact, if we consider a particle of 
mass M passing a scattering center with 
velocity v, the angular momentum is 
Mod were d is the distance of closest 
Quantum-mechanically, the 
takes on 


approach. 
orbital angular momentum 
values Lh, where L is an integer. For 
P waves, L =1 and the energy at 
which P scattering begins to be ap- 
preciable is that corresponding to 
d =h/Mv =ro or X =ro. The ob- 
servation of the consequent deviations 
from spherical symmetry in the angular 
distribution would be of the greatest 
importance since one can decide from 
the nature of such deviations (forward 
or backward scattering) whether the P 
interaction is repulsive or attractive. 
From quantitative information of this 
kind a as to the exchange 
nature of the forces can be made.} 
Until recently measurements by 
several investigators of the scattering 
at about 15 Mev gave conflicting re- 


decision 


t All force models must give the same attrac- 
tive S wells so that one learns nothing of the 
orces from the scattering of S-neutrons 


‘loo sg = 


FIG.3 
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sults. However, the results of the 
Berkeley group using 90-Mev neutrons 
demonstrated fairly conclusively the 
exchange nature of the forces. At 
such high energies one must expect 
strong forward scattering if ordinary 
forces alone were operative. For small 
momentum corresponding to 
small @, the incident and scattered 
neutron waves have the same wave- 
length, and the consequent constructive 


losses, 


interference favors small angle scatter- 
ing. However, if exchange forces are 
present, the proton and neutron effec- 
tively interchange identity. The pro- 
ton can also come out in the forward 
direction, the neutron in the backward 
direction. The observed were 
that, in addition to the forward peak, 
there is also a backward peak. This 
provided the first direct evidence for 
the existence of exchange forces. 

Returning to the scattering of slow 
neutrons, the total section for 
neutrons of energy Eo with spin parallel 
to that of the proton is found to be 


_ Anh? By 


o71= A4nf? — 


results 


cross 


(17) 


M «+ %E, 
where the depth of the triplet well has 
been eliminated and the directly meas- 


ured binding energy introduced by (6). 
The factor 8; depends on ry and €;, and 
for small ro is given by 


Bi = l + To V Me,/h + ad 


Since the measurements are usually 
made with hydrogen in molecular or 
combined form, it is necessary to re- 
strict our consideration to energies for 
which the effect of molecular binding 
(omitted in the above) is negligible. 
The vibrational level spacing in mole- 
cules is of order 0.1 ev and above about 
1 ev the proton may be considered free. 
At this energy and for a considerable 
range above it, o is practically energy- 
independent. The cross section in this 
range, given by (17), is 4.30 barns, 
the measured value (6) is 21 + 1 barn 
(1 barn = 10°-*4 em?). 
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This discrepancy, as Wigner was th: 
first to recognize, is due to the omissio1 
of the singlet scattering. This is give: 
by an expression corresponding to (17 
with €; replaced by |€o| where € is the 
energy in the singlet state.* 

Arh? Bo 

0" lel + Eo 
Because the spin angular momentum 
for the triplet state is capable of three 
orientations and for the singlet state 
only one orientation is possible, and 
because all these are equally likely, in 
3 out of 4 cases scattering will take place 
Therefore, 


(18 


with parallel spins. 


o = 340, + 4a (19) 


The necessity for singlet scattering diff- 
erent from triplet scattering is a direct 
indication of the spin-dependence of the 
nuclear forces, 

Since the measured @ is so much larger 
than o;, it is elcar that a) must be large 
and, therefore, that /€o) must be small. 
Thus By ~ 1. From the values quoted 
for the constants which enter ¢, one 
finds ‘€)) = 0.069 Mev. The sign of 
ti.e singlet energy and, therefore, the 
question of the existence of a stable 
exvited 4S state cannot be decided on 
the basis of measurements described 
so far. This question is taken up in 
section V to be published next month. 
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*e, was written in (17) since «a >0O. It 
should be emphasized that the meaning of ¢o is 
mathematical rather than physical since what 
enters into the singlet cross section is ro and Vo 
the singlet well depth; eo is an abbreviation for 
a function of ro and Vo given by (6) with e: 
replaced by |eo| and, in view of the nonbound 
nature of the 'S state (see Section V), with 
the sign of the right-hand side of (6) changed. 
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WITH 


radioactive isotopes for medical, bio- 


THE INCREASED availability of 


logical and industrial research, the 


problem of suitable instrumentation, 


and consequently units of measure- 


ment, has presented itself. There is 
the need for a practical and rugged 
instrument for routine measurements 
covering a wide range of magnitudes, 
and for a convenient unit in which to 
express beta radiation. 

The use of the units “millicurie”’ or 
‘rutherford’’ (7) in measurements of 
the number of disintegrations per 


second neccessitates an exact knowl- 
edge of the disintegration schemes and 
the efficiency of the instrument for the 
In addi- 


tion, other factors, e.g., the absorption 


particular type of radiation. 


which the radiation suffers before enter- 
ing the instrument, the amount of re- 
flected radiation, and the exact geo- 
metrical have to be 
known 

Actually the exact number of dis- 


arrangement, 


integrations can be determined only if 
comparative measurements are made 
using as a standard a known quantity of 
the same radioactive element and meas- 
uring both under exactly the same 


conditions;* otherwise, additional cal- 


* A method for measuring the absolute radio- 
active strength was proposed by Wiedenbeck 
2); however, this method necessitates compli- 
cated apparatus and highly skilled personnel. 
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Beta-ray Measurements and Units 


Authors have developed an instrument, using a photomulti- 
plier tube and standard radioactive source, for making beta-ray 
measurements in terms of a newly proposed unit. 
are made on the disadvantages of presently used unit: 


Comments 


By M. BLAU and J. E. SMITH 


Canadian Radium and Uranium Corp, 
New York, New York 


culations, taking into account the 
variations, will be necessary 

A unit proposed especially for medical 
research is the “roentgen equivalent 
physical” or rep. According to the 
definition by Evans (/), a dose of 1 rep 
is obtained if the energy lost by ioniza- 
tion processes in one gram of tissue 
(1 sq em of irradiated surface) is equal 
to the energy loss of one roentgen of 
gamma radiation absorbed in 1 gm of 
air. In the same paper, the meaning 
and significance of the roentgen unit for 
gamma and X-radiation is very ex- 
tensively explained and the methods 
for measuring this unit are described. 

Evans emphasizes that the roentgen 
does not involve any precise physical 
information about the 
intensity of the radiation, but com- 


quality and 


pares the ionization effect of radiation 
quantities. The effect is 
measured in special ionization cham- 


ionization 


bers, the so-called thimble chambers, 
which reproduce the conditions prevail- 
ing in the interior of an irradiated body 

No attempt will be made here to 
recommend replacement of the roentgen 
unit as far as X- and gamma radiation 
are concerned. However, in the case 
of beta radiation, it appears that a more 
convenient unit is desirable. 

The most serious objection to the use 
of this unit is the impossibility of meas- 
uring it in a simple way. Even if 
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measurements in small thimble cham- 
bers are made, it is difficult to arrive at 
a value for the total energy dissipated 
in the irradiated tissue without knowl- 
edge of the effective range of the beta 
particles. 

The ionization effect produced in a 
volume element of air, e.g., in one ce, 


is proportional to the energy loss 
caused by phenomena connected with 
the abso-ption processes. Furthermore, 
this value is proportional to the bio- 
logical effect in a medium of similar 


absorption conditions. 

In the case of penetrating gamma or 
X-radiation, the ionization effect in 
the small thimble chamber is propor- 
tional to that in large chambers con- 
taining 1 gm of air or offering a radia- 
tion path equivalent to about 800 cm 
in air and is similarly proportional to 
the energy dissipated in 1 gm of tissue. 
Therefore, the ionization current in the 
thimble chamber expressed in r units, 
for instance, is a measure of the bio- 
logical effectiveness. 

On the other hand, the beta radiation 
of most of the radioactive isotopes can- 
not penetrate 1 gm per sq cm of tissue 
or an equivalent amount of air, and 
correct results can only be obtained 
using ionization chambers large enough 
to cover the total range of the beta 
radiation under investigation. How- 
ever, the dimensions required for this 
purpose would make the method in- 
convenient and impractical. 

An additional criticism of the rep is 
explained by the following: 

Assume that we are working with 
beta radiation of an average energy of 
0.4 Mev. One millicurie, or 3.7 < 107 
beta particles of this radiation, if com- 
pletely absorbed, gives approximately 
8.5 X 10‘ ergs per hour, or 4.25 x 104 
ergs per hour if the tissue is irradiated 
from the outside and reflected radiation 
does not interfere. Therefore, the total 
energy available is about 500 X 83 ergs. 

However, if we follow the definition 


l re 
‘em? 

we would correlate to this amount of 
available energy a biological effect of 
4.25 < 10¢ 
83 X 0.12 
average range of the particles in ques- 
tion will be about 0.12 gm per sq cm of 
tissue. 

Selecting now a radiation of 1.6 Mev, 
an average energy four times as great, 
and an equal number of particles, we 
would associate with this larger amount 
of total energy available a smaller dose 
of only 2600 rep because the average 
range of the beta particles in this case 
is about 0.76 gm per sq cm. 

Thus, it seems that the rep unit is 
not entirely satisfactory. Whereas it 
indicates the ionization density in the 
affected tissue, it does not take into 
account the amount of tissue which 
actually is affected, nor does it give any 
information about the total energy 
administered. 

The complexity of living matter and 
the interdependency of parts of the 
body to the whole make it logical to 
assume that the total energy supplied 
must also be of biological importance. 
Therefore a unit of dose indicating this 
amount, and at the same time the range 
of energy of the radiation would be more 
convenient and suggestive than a purely 
theoretical value like the rep which 
may even lead to erroneous conclusions. 

A more convenient unit would be a 
quantity proportional to the total num- 
ber of ions formed by the incident radia- 
tion. It is self-evident that there exist 
different methods which when accord- 
ingly applied would give the desired 
value in terms of the proposed unit. 

The purpose of this paper is to de- 
scribe a convenient and practical meas- 
urement method which can be used by 
persons not very familiar with radio- 
active measurements. This method is 
based on the use of a photomultiplier 
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tube and appropriate low persistence 
fluorescent screens, emitting light in 
the range of maximum sensitivity of the 
photocell. Because of the difficulty 
encountered with the dark current in 
this type of photocell, it is not advisable 
to extend the use of this method for 
ntensities less than 1 to 5 microcuries, 
depending upon the energy of the 
particles 

For lower intensities, Geiger-Miller 
tubes, or the photomultiplier tube as a 
particle counting element (3), will have 
and the of the 


particles leaving the sample will have to 


to be used energy 
be determined by adequate absorption 
measurements there is a 


definite lack of instruments for higher 


However, 


intensities and this consideration led to 
the development of the following 


method: 


Theory 


The beta particles striking the 
fluorescent screen are absorbed in the 
luminous compound and the energy 
dissipated along their path is trans- 
In the 


case of alpha particles (4) or cathode 


formed into energy of light. 


, the maximum light output is 
thickness of the 
screen is equal to the range of the 


rays (3 
obtained when the 
particles in the material or actually 
somewhat smaller because of the so- 
called 
the type of luminous compound. If 


“dead zone’ which depends on 
the screen thickness is smaller, we do 
not utilize the total available energy 
and, in the opposite case, we lose light 
energy by optical absorption in the 
screen material. 

The conditions are different if we deal 
with penetrating beta radiation whose 
path in the screen is approximately 1 
mm and greater. Therefore, the light 
absorption is already appreciable for 
thicknesses much lower than the range 
of the particles. 

If yu: is the absorption coefficient of 
the beta particles in the luminous com- 
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pound, and y.* the optical absorption 
coefficient for the emitted light, the 
total light output L for a screen thick- 
ness ¢ smaller than the range of the 
particles is given by 


t 
L fies mie 
0 


M2 — fl 


ol at ed dr 


M1 


~ ad [e~ Hit eat] 1) 
M2 — M1 
In this equation, it is assumed that 
the beta radiation is absorbed accord- 
ing to a simple exponential law, which, 
for practical purposes, introduces only 
a negligible error 
The sereen thickness tn: for which 
maximum light output is reached can 
be found by differentiation of equation 1 
and is 


pie #itmes = pre “2maz (2 
or 
In we — In wy 
tmaz = an . (2a) 
Mo — #1 


The absorption coefficient y., which 
can be determined experimentally, 
remains constant for all measurements 
in which the same screen material is 
Therefore, equation 2 or 2a can 
be used to compute the value of sy, 
if, in the special problem, tmo: has been 
established. 

The light output L,,o: for tnaz is pro- 


used. 


portional to 


M1 
Lmas ~ A —H1— (¢€7Hitmer — ¢ 


M2 — M1 


Betmar) 


(3) 
where A is the total amount of energy 
which is available from the incident 
radiation, corresponding to values of 
Me = 0 and absorption thickness of 
such an order of magnitude that e*: 
becomes zero. 

Because all the constants 4, Me and 
tmar can be measured or computed from 
the respective equations, the reading 
of the photocurrent at maximum light 





* uw: also includes scattering, absorption, etc. 
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output is a measure of the total ioniza- 
tion energy available. 

Using equation 2a and selecting a 
luminous compound with the effective 
density p = 3.3 and the light absorp- 
tion coefficient uw. = 80, we obtain the 
graph in Fig. 1, where ui/p, the mass 
absorption coefficient for the beta 
radiation, is plotted versus tne. 

From this curve, we can calculate 
the values filmar and potnar for different 
values of tar and therefore, the factor 
Fa—& (e7Hitmoz — e~#2tmez) in equa- 

ee 

tion 3. Figure 2 represents WV = 1/F 
as a function of tnar. M is the multi- 
plication factor with which the reading 
of the photocurrent at maximum light 
output has to be multiplied to obtain 
the total energy corresponding to the 
radiation incident on the screen. 

Figure 3 gives the functional rela- 
tionship between the energy of the beta 
particles and the respective values of 
tmaz. The curve was calculated using 
the energy-range data for beta rays (6) 
on the assumption that e#* = 0.00068. 
The latter relation can be determined 
from this same curve, using known 
values of uw and # for certain elements. 

In Fig. 4 are plotted the respective 
values of particle range in mg/cm? 
versus tmar. These graphs may be 
useful for the calculation of the volume 
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element which actually is affected by 
the ionization process. 


Experiment and Calibration 

A source of RaD-E-F deposited in a 
shallow dise of 0.5 & 1 em? and covered 
with an aluminum foil of 0.5 mm thick- 
ness was brought to a distance of 4.5 
mm from the screen surface which was 
directly in front of the window of the 
photomultiplier tube. The light out- 
put of the photocell was measured with 
screens of various thicknesses* and 
the curve of Fig. 5 represents the fune- 
tional relationship between photocur- 
rent and screen thickness. The maxi- 
mum current is obtained at a screen 
thickness of 0.15 mm. From Fig. 1, 
it can be seen that this thickness cor- 
responds to u/p = 16.6, which is in 
fair agreement with the experimental 
value of 16 (7) for the beta particles 
from RakE.t 


*We wish to express our appreciation to 
Dr. 8. Isenberg of General Luminescent Cor- 
poration, Chicago, who prepared the screens. 


t The difference is due to experimental errors 
(7), especially in the determination of the light 
absorption coefficient. 
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From the curve in Fig. 2, we can 
establish the multiplication factor with 
which the photocurrent at optimum 
screen thickness has to be multiplied 
to give a magnitude proportional to the 
total energy available. 

{ll measurements are corrected for 
the same sensitivity of the photocell by 
using a radioactive light standard (8) 
based on the alpha emission of a 
radium preparation. However, in order 
to obtain absolute values of the radia- 
tion energy present, in millicurie X 
ergs, the combination of photocell and 
fluorescent screen has to be calibrated. 

For lack of a pure beta-ray source 
of known radioactive strength, we used a 
radon capillary of 0.1 mm glass thickness. 
The energy loss due to absorption and 
scattering in the glass wall is 45%. 
The light effect due to the gamma 
radiation can be neglected in compari- 
son to the beta radiation. 

Figure 6 gives the photoelectric cur- 
rent in arbitrary units versus the 
screen thickness ¢. The maximum 
value of ordinate multiplied by the cor- 
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responding value from Fig. 2 is a 
measure of the total beta radiation 
energy emitted. 

The beta particles of Rab + RaC in 
equilibrium with 1 gm of radium pro- 
duce, when completely absorbed, 3.25 
<x 10 +64 & 10" jon pairs in stand- 
ard air. 

The measurements were made with a 
radon capillary of 1.64 millicurie at @ 
distance of 4.6 mm from the screen. 
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To overcome the difficulty of cor- 
rectly computing the solid angle of the 
incident radiation, we calculate the total 
number of ion pairs for the total radia- 
tion emitted in the half sphere and 
assume that any other preparation of 
equal dimensions, and at the same dis- 
tance, will strike the screen with 
the same fraction of the half-sphere 
radiation. 

The beta radiation leaving the radon 
capillary would give rise to 4.33 < 10"! 
ion pairs, if the half-sphere radiation is 
measured and if an amount correspond- 
ing to the 45% absorption within the 
glass is subtracted. This value of 
4.33 X 10! ion pairs corresponds, in our 
specific experimental arrangement, to a 
photocurrent of 21.4 microamperes, 
obtained from Fig. 6, multiplied by the 
factor M = 3.7 from Fig. 2. 

Since it is necessary to use a constant 
light source for controlling the sensi- 
tivity of the photocell (in our case the 
alpha emission of a radium source), we 
believe that it would be more prac- 
tieal and convenient to utilize the same 
souree f6r the calibration and stand- 
atdizaticn of the instrument. 

If only the light output depends on 
the amount of energy dissipated in the 
screen material, one should expect the 
same photocurrent for equal energies, 
irrespective of the somewhat different 
absorption mechanisms for alpha and 
beta particles. 
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The percentage of alpha particle 
energy emerging from the preparation 
was determined by the measurement of 
the ionization current due to the alpha 
particles and comparison of this value 
with the gamma activity of the foil. 

This foil, provided with a diaphragm 
of 0.5 X 1.5 sq em, was measured in the 
photocell arrangement at the same 
distance as the radon capillary with a 
screen of necessary thickness corre- 
sponding to the range of the alpha 
particles. 

In order to take into account the 
differences in area between the exposed 
radium foil and the radon capillary, 
measurements with a stronger foil were 
made using a diaphragm of 0.5 mm and 
0.1 em width. From the relationship, 
current (.5)/current (.1) = 5f, we find 
the factor f with which the value of the 
photocurrent has to be multiplied in 
order to obtain geometrical conditions 
identical with that of the radon capil- 
lary. In other words, we assume that 
the quantity of radium deposited on an 
area of 0.5 1.5 sq em is concentrated 
on an area of 0.1 X 1.5 sq em. 

Taking the above corrections into 
account, we arrive at the number of 
ion pairs, n = 6.8 X 10!°, produced per 
second by the alpha particles leaving 
the preparation. 

The experimental value of photo- 
current * corresponding to this quantity 
is 13.3 microampere, found after having 
subtracted the effect due to the beta 
particles of RaB + RaC. 

Comparing now the two experimental 
values of the beta radiation from the 
1.63 millicurie radon capillary and the 
alpha radiation from the radium prepa- 
ration, we find the relation 
Cz, sotea 2 Ca, Ra = 6.03, 

where C = current. 
The two calculated values of ion pairs 
are 


* The correction factor due to the light ab- 
sorption in the screen is negligible. 
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IPs, redon': Pa, ra = 6.36, 
where JP = ion pairs. 

The relationship between the photo- 
current obtained with the RaD-E-F 
preparations mentioned above and the 
corresponding value with the radon 
capillary are given by 

Cs, rap: Cp, radon = 1.23 

This relationship was obtained by 
taking into consideration the respective 
values of the multiplication factors, as 
was done previously. If the energy of 
the beta radiation from 1 millicurie 
(RaB + RaC) [according to heat meas- 
urements (9)] is 2.57 times the energy 
of the beta radiation from 1 millicurie 
RaE, the photocurrent would corre- 
spond to an apparent* radioactive 
strength of 2.82 millicuries. 

If the mean energy of the beta radia- 
tion of RaE is 0.35 Mev, the photo- 
current should correspond to an ioniza- 
tion value equivalent to 5.32 K 10" ion 
pairs. 

Now, if we compare the photocur- 
rents obtained with the RaD source 
and the alpha standard, we get 

Cg, rap: Ca, Ra = 7.42 
and therefore find that the number of 
ion pairs is 5.05 X 10". The RaD-E-F 
source was furthermore compared with 
a set of decayed radon seeds filled at a 
known time with a known amount of 
radon. The amount of RaE in the 
seeds was calculated to be 0.412 milli- 
curie. The loss due to absorption and 
scattering in the 0.08 millimeter glass 
wall of the seeds was measured to be 
33%. The radon seeds were combined 
and measured in an ionization chamber 
and compared to the ionization current 
of the RaD-E-F preparation. The 
relation between the two currents was 
found to be 
Crap: Ceeeas = 10.8 

Therefore, the ionization current pro- 
duced by the RaD-E-F preparation 





* The self-absorption of the beta radiation in 
the radioactive layer and the abserption in the 
aluminum foil are not taken into consideration. 
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corresponds to 
Crap ~ 0.412 X 0.67 K 10.8 

= 2.98 millicurie 
The agreement between the theoretical 
and experimental values is satisfactory 
and proves the applicability of the 
radioactive light standard for this type 
of measurement. The deviation of 6% 
is probably due to experimental errors, 
especially in the measurement of ab- 
sorption coefficients. It is an inter- 
esting fact from an experimental and 
theoretical standpoint that the effi- 
ciency of the luminous compound is 
the same for alpha and beta particles 
if the absorption of the radiation is 
properly taken into account. 

The great advantage of using a 
constant radioactive source is evident. 
Furthermore, this procedure provides 
measurements completely independent 
of the type of beta radiation under in- 
vestigation and, therefore, represents 
an absolute method of beta measure- 
ments. It is intended to extend and 
test this method for various artificially 
radioactive elements. 

Furthermore, it seems likely that the 
method could be improved by the use 
of organic phosphors like naphthalene 
(3c). These phosphors are more trans- 
parent to their fluorescent light than 
inorganic phosphors. Therefore, the 
thickness of the fluorescent layer, cor- 
responding to the maximum light out- 
put, is greater, thus improving the 
sensitivity of the method. For calibra- 
tion and standardization purposes, a 
constant beta or gamma source is more 
advisable than alpha-particle-emitting 
sources. 

There still remains the problem of 
expressing the results in the most con- 
venient unit. 

From the measurements, we obtain 
directly the optimum screen thickness, 
which furnishes us with the energy or 
range, respectively, (Fig. 3 or Fig. 4) 
of the radiation. On the other hand, 
Fig. 2 gives us the multiplication factor 
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FIG. 7. Photomultiplier tube and power 
supply enclosed in lightproof box. 





with which the photocurrent at opti- 
mum screen thickness has to be 
multiplied. The result compared with 
the photocurrent due to the radioactive 
alpha standard is a direct measure of 
the total ionization energy (the product 
of number of millicuries times ergs). 

If it is desirable to know the quan- 
tity of ions per unit energy or unit range, 
Fig. 3 or Fig. 4 has to be consulted. 

This method enables us to obtain 
one of the proposed units, either Q or 
Q/E or Q/R, where Q is the total 
number of ions, F the energy and R the 
range of radiation. 


Description of Apparatus 
A 931-A photomultiplier tube, with 
its 900-volt battery power supply, was 





enclosed in a lightproof metal box 
(Fig. 7). The photocell was mounted 
in a horizontal position and directly 
beneath it was fastened a circular disc 
with ten fluorescent screens mounted on 
radii of the dise. The disc was movable 
so that it was possible to place each 
one of the screens, in succession, directly 
under the photocell window. The 
radioactive preparation under investi- 
gation was placed on a small table 
directly beneath the disc and in the 
same line with the tube window. The 
output current was detected and meas- 
ured by a microammeter. For very 
small activities the current of the 
photocell was amplified by a conven- 
tional d-c amplifier. 
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NUCLEONIC EVENTS 








GERMAN REPRESENTATIVE 

TO AID EDITORIAL BOARD 

Last month Nwc.Leonics announced 
commencement of the formal  co- 
operation of six European scientists 
with its Editorial Board. To this dis- 
tinguished list of scientists, NUCLEONICS 
is pleased to add the name of Dr. Hans 
Kopfermann, who will represent Ger- 
many. A brief sketch of Dr. Kopfer- 
mann’s achievements is presented below: 


Hans Kopfermann 
(Germany) 
Dr. Kopfermann, author of the book 
completed his 
studies at Géttingen University in 1924 
and participated in the significant re- 
search done at the famed Institute for 
Physical Chemistry (Kaiser Wilhelm- 
Institute) in the late 1920’s. This 
period, devoted chiefly to research on 


” 


‘Nuclear Moments, 


optics and nuclear moments, was high- 
lighted by his discovery of negative 
dispersion. 

\ Rockefeller Foundation fellowship, 
awarded in 1932, gave him two fruitful 
years of nuclear physics research under 
Niels Bohr in Copenhagen. After four 
more years spent at the Kaiser Wilhelm- 
Institute in Berlin, Dr. Kopfermann 
left to accept a professorship at Kiel 
University in 1937. In 1942 he trans- 
ferred to Géttingen. The Nazi govern- 
ment did not attach war significance to 
his research, enabling him to continue a 
relatively normal routine during these 
years 

As head of the nuclear research divi- 
sion of Géttingen University’s physics 
department, Dr. Kopfermann, besides 
lecturing, directs a modest laboratory. 
Nuclear charge distribution and beta- 
tron research are the channels along 
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which he and his five assistants are 
directing present efforts. 

Epitor’s Note: The future scope of Ger- 
man nuclear physics research remains in 
doubt, pending further clarification of 
pertinent provisions under Allied Control 
Council Law 25 (Control of Scientific Re- 
search). This factor plus equipment short- 
ages leads Dr. Kopfermann and his associ- 
ates to expect better results from theoretical 
rather than experimental research in the 
immediate future. They are hopeful of 
progress in the hetatron field, providing 
stringent limitations are not imposed. 
Likewise, they view German cosmic-ray re- 
search optimistically. 


REPORT ON PHYSICS RESEARCH 
IN SWITZERLAND 

Research in physics in Switzerland is 
being carried on in the following places 
—the Eidgenéssische Technische Hoch- 
schule, or the Federal Institute of Tech- 
nology in Ziirich, which is the only 
Swiss university, and also six other uni- 
versities, each supported and = gov- 
erned by its own canton. They are 
the Universities of Ziirich, Basel, Bern, 
Lausanne, Geneva, and Neuchatel. 
Research in physics is also going on in 
several independent: institutes, prob- 
ably the best known being Hochalpine 
Forschungstation Jungfraujoch. Most 
of the research in industrial research 
laboratories is on a small scale with the 
exception of that at the Brown Boveri 
Company (Baden). 

Several of the research centers have 
set up nuclear physics divisions. * 

In the Federal Institute of Tech- 
nology (known as “ETH”) nuclear 
research is centering around photo- 
nuclear effect with the Li 17-Mev 


*Survey made by the Office of Naval Re- 
search (London office). 
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gamma ray; photodisintegration of the 
deuteron; A-capture problems utilizing 
a curved-crystal spectrometer; ab- 
solute intensity of gamma rays; (p,n) 
reactions, mainly in sulfur; and beta- 
ray spectrography. 

At the University of Basel (under the 
direction of P. Huber) nuclear physics 
research is concerned with properties of 
Geiger-Miuler counters; neutron reac- 
tions in ionization chambers at high 
temperature, particularly for obtaining 
Q-values; and the electron multiplier as 


a counter. 

The University of Geneva’s physics 
department, directed by J. Weigle, has 
set up a nuclear physics division which 


is studying absorption and diffraction 
of neutrons from the (d,d) reactions; 
nuclear induction by the Bloch method. 
(Other studies are being made on X-ray 
diffraction and bent crystal for gamma- 
ray diffraction, also microwaves at 1.25 
em for diffraction studies of crystal 
models. ) 

Jungfraujoch is conducting research 
in cosmic rays and the ozone layer of 
the atmosphere. No special nuclear 
physics program is under way at 
present. 

At the Brown Boveri Company, re- 
search is not concerned specially with 
nuclear research. However, under R. 
Wideroé, there is a research program on 
betatron development. Also, there is a 
microwave program, including the 
study of magnetrons. 


OAK RIDGE TO GIVE 
ISOTOPE TECHNIQUE COURSES 
Announcement is made of a series of 
three one-month courses to be held at 
Oak Ridge this summer in the tech- 
niques of using radioisotopes. The 
courses will be conducted by the Oak 
Ridge Institute of Nuclear Studies. 
The courses will be held from June 28 
to July 23, August 2 to August 27, and 
August 30 to September 24. Applica- 
tion forms and additional information 
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may be obtained from Dr. Ralph T. 
Overman, acting head of the Institute’s 
Department of Special Training, P. O. 
Box 117, Oak Ridge, Tennessee. 

The course will not attempt to cover 
any special field of application in chem- 
istry or biology but will be based on 
simple chemical experiments selected 
and designed to give participants a 
maximum knowledge and ability in the 
techniques of handling and carrying on 
research with radioisotopes. Partici- 
pants in the second of the three courses 
will be selected by the Atomic Energy 
Commission. Personnel of the other 
courses will be selected from qualified 
applicants, with preference given to 
persons connected with organizations 
which are now engaging in research 
utilizing radioisotopes, or planning such 
research. Thirty-two participants will 
be selected for each course. 

A fee of $25.00 will be charged for the 
course. Participants will be expected 
to pay their own travel and living ex- 
penses. Dormitory or hotel accommo- 
dations will be provided in Oak Ridge 
at the usual rates. 


BROOKHAVEN, BERKELEY 
TO BUILD LARGE ACCELERATORS 


Plans for construction of two huge par- 
ticle accelerators have been announced 
by the Atomic Energy Commission. A 
30-foot, three-billion-electron-volt pro- 
ton synchrotron will be built at the 
Brookhaven National Laboratory, Up- 
ton, New York, and a_ 110-foot, 
six-billion-electron-volt synchrocyclo- 
tron will be built at the Radiation 
Laboratory of the University of Cali- 
fornia, Berkeley. 

Design of the $3,000,000 Brookhaven 
machine, construction of which will take 
three years, was done by a group at 
Brookhaven, headed by M. 8. Living- 
ston, chairman of the accelerator project 
at the Long Island laboratory. 

The Berkeley machine will cost 
$9,000,000, and it will take approxi- 
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mately five years to be completed. 
Nearly finished with the design is a 
group which includes William Brobeck, 
Robert Serber, Robert Thornton, E. M. 
MeMillan, Wilson Powell, and W. 
Panofsky. The cyclotron will have a 
ring-shaped magnet, requiring about 
10,000 tons of steel. The radius of the 
magnet will be 55 ft; its length, from the 
outside limits, will be 140 ft. The mag- 
net will operate from a 5,000 kw source. 


KODAK SCIENTISTS RECORD 
TRACK OF ELECTRON 

Eastman Kodak Company has an- 
nounced that its scientists, using a new 
photographic emulsion, have success- 
fully recorded tracks of electrons. 
This is believed to be the first definite 
identification of electron tracks, the 
company Tracks were re- 
ported from the University of Montreal 
in 1946. But the Kodak tracks, first 
obtained at the company’s research 
laboratory at Harrow, England, and 
later in Rochester, are long enough to 
remove all doubt as to their identity. 

The number of developed silver grains 
per track in the emulsion ranges from 
a maximum of twenty-eight. 
The length of the path in the emulsion 
is about 0.002 in. 


indicated. 


six to 


GE ESTABLISHES GRADUATE 
SCHOOL AT HANFORD 


A graduate school of nuclear engi- 
neering has been established by the 
General Electric Company for its em- 
ployees at the Hanford Works, Rich- 
land, Washington. Five institutions 
—University of Washington, Washing- 
ton State College, University of Oregon, 
Oregon State College and the University 
of Idaho—have agreed to co-operate by 
granting credit toward degrees for work 
done. F. Ellis Johnson, formerly engi- 
neering dean at the University of 
Wisconsin, has charge of the program 
for GE, which operates the plant for the 
Atomic Energy Commission. 
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BRITISH PROPOSE 
RADIOACTIVITY HEALTH BILL 


A bill to protect the health of workers 
and the public from the harmful effects 
of exposure to radioactive substances, 
natural or artificial, has been introduced 
in the British House of Lords. Radium 
and radon and certain irradiating 
apparatus, principally X-ray tubes, are 
covered by its provisions. 

Regulations by the appropriate min- 
ister will impose codes similar to those 
under the British Factories Act for the 
protection of employees in hospitals, 
laboratories and industrial establish- 
ments not already covered by legisla- 
tion, where radioactive substances or 
irradiating apparatus are manufactured, 
treated, stored, or used. The disposal 
of radioactive waste will be controlled 
and regulations may be made to pre- 
vent injury during the transport of 
these substances. 

Only medical and dental practi- 
tioners, or persons working under their 
directions, who hold a license from the 
Minister of Health, will be allowed to 
use certain apparatus and radioactive 
substances for treating patients. The 
supply of such substances to the public 
in the form of medicines or toilet 
preparations will be illegal except under 
the authority of a prescription from a 
licensed practitioner. 

The bill also empowers the Minister 
of Supply to manufacture, process, and 
distribute radioactive substances and to 
make orders prohibiting or regulating 
their import and export. 


AEC SETS MINIMUM 
PRICES FOR URANIUM 


The Atomic Energy Commission has 
announced a three-point program for 
stimulating the discovery and produc- 
tion of domestic uranium. The major 
elements of the program are: govern- 
ment guaranteed ten-year minimum 
prices for domestic refined uranium, 
high-grade uranium ores and mechani- 
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cal concentrates; a bonus of $10,000 for 
the discovery and production of high- 
grade uranium ores from new domestic 
deposits; and government guaranteed 
three-year minimum prices for the low- 
grade carnotite- and _ roscoelite-type 
uranium-vanadium ores of the Colorado 
plateau area and government operation 
of two vanadium-uranium plants there. 

Circulars describing the ore-huying 
program are available from the AEC 
offices at Washington, D. C.; Grand 
Junction, Colorado; and 70 Columbus 
Ave., New York, N. Y. 


GERMAN RESEARCH GROUPS 
FORM SOCIETY 


A society of German research insti- 
tutes, known as the ‘Max Planck 
Gesellschaft zur Férderung der Wissen- 


schaften,” was formed recently. The 


new society has been approved by the 
Bipartite Board, after consultation of 
German representatives with the proper 
authorities. 

Charter institutes of the new society 


include the following (name of director 
appears in parentheses): 

BRITISH ZONE: Kaiser Wilhelm In- 
stitute (K. W. I.) for Instrument 
Design, Géttingen (Konrad Beyerle); 
K. W. I. for Physies, 
(Werner Heisenberg). 

AMERICAN ZONE: K. W. I. for Medi- 
cal Research (Richard Kuhn), Institute 
for Chemistry (Richard Kuhn), and 
Institute for Physics (Walter Bother), 
all at Heidelberg. 


NEWSON TO CONSULT 
ON REACTORS 


Henry W. Newson, formerly a mem- 
ber of the design committee (in charge 
of control) for the high-flux pile at Oak 
Ridge, has been retained as a full-time 
consultant on nuclear reactor design by 
the H. K. Ferguson Company, indus- 
trial engineers and builders who are 
erecting the pile at the Brookhaven 
National Laboratory. 
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MIT ESTABLISHES GRADUATE 
SCHOOL AT OAK RIDGE 

A school of engineering practice for 
graduate training in the engineering 
aspects of energy is being 
established by MIT for its own engi- 
neering students in the production 
plants of the Atomic Energy Commis- 
sion operated by the Carbide and 
Carbon Chemicals Corporation at Oak 
Ridge, Tenn., according to an an- 
nouncement by Thomas K. Sherwood, 
dean of engineering of MIT. 

Admission to the new school is re- 


atomic 


stricted to graduate students in the 
several engineering departments of MIT 
who have been in residence at MIT at 
least one term. The program is open 
only to United States citizens and 
every student must be cleared by the 
AEC before he will be considered for 
admission. 

Walter G. Whitman, head of the de- 
partment of chemical engineering at 
MIT, will be in charge of the new 
school of engineering practice, and the 
educational program at the Oak Ridge 
station of MIT will be directed by 
William A. Reed, with more 
assistant directors. 


SECOND BRITISH PILE 
TO START OPERATION 


Britain’s large-scale atomic energy 
pile will be in operation this summer, 


one or 


according to a recent announcement 
from the Ministry of Supply. This is 
the second British pile to be set up by 
the Atomic Energy Establishment at 
Harwell, Berkshire. It is said that the 
big pile will produce enough radioactive 
isotopes to supply the needs of all the 
medical and other scientific research 
workers investigating peaceful uses of 
atomic energy in Great Britain. It will 
also provide the first domestic applica- 
tion of atomic energy—by providing 
the heat for all the buildings at the Har- 
well research station. 

The second pile will be a big brother 
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to the ““GLEEP” (Graphite Low En- 
ergy Experimental Pile) which was set 

Production of isotopes 
have a much greater 
now produced 
will be stepped up 


going last year. 
will 
than 
GLEEP 
considerably. 
The GLEEP itself produced in 
March a revord total of over 120 sam- 
ples of transformed into 
radioactive forms by exposure in the 
pile. A third of these were used at 
Harwell; the rest went to hospitals and 


which 
activity those 


in the 


chemicals 


laboratories all over the 
So far, isotopes of about 30 
elements been produced. The 
one prepared in the largest quantity has 
been radiosodium, most of which has 


research 
country. 
have 


been used in hospitals for diagnostic 
purposes, particularly in vascular dis- 


eases. Other isotopes have gone to 
cancer research institutions, among 
others. 


Products of the Harwell piles are to 
be packaged and distributed by the 
government-controlled Radiochemical 
Center at Amersham, Buckingham- 
Considerable progress has been 
made at Harwell in designing safe pack- 
ages for shipment of radioactive mate- 
rials, so that if an accident befell in 


shire 


transit no radioactive substance would 


escape. McGraw-Hill World News 


GENERAL ELECTRIC FORMS 
NUCLEONICS DEPARTMENT 


The formation of the Nucleonics De- 
partment, General Electric Company, 
with responsibility for the operation of 
the Hanford Works at Richland, Wash- 
ington, and for contractual administra- 
tion and negotiations in 
with the G-E Nucleonics Project has 
been announced by Charles E. Wilson, 
company president. 

Roy C. Muir, who recently retired as 


connection 


company vice president and general 
manager of the Apparatus Department, 
has returned to active service as general 
manager of the new department, Mr. 
Wilson announced. Headquarters are 
at the Hanford Works, atomic energy 
plant which GE is operating for the 
Atomic Energy Commission. 

The G-E Chemical Department for- 
merly had responsibility for the activi- 
ties now centralized in the new depart- 
ment. Mr. Wilson stated that the 
Knolls Atomic Power Laboratory here 
will continue to be operated by the com- 
pany’s Research Laboratory for the 
Atomic Energy Commission. 








Future Issues Will Feature... 


RADIOTOXICITY OF INHALED OR INGESTED RADIOACTIVE 


PRODUCTS 
. . . by Waldo E. Cohn 


PARTICLE DETECTION WITH MULTIPLIER TUBES 


. . . by James S. Allen 


INTERACTION OF ISOTOPIC RADIATION WITH MATTER—II 


. . by Rex G. Fluharty 


NEUTRON DIFFRACTION AND ASSOCIATED STUDIES 
... by E. O. Wollan and C. G. Shull 
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PRODUCTS and MATERIALS | 





LEAD SHIELD 


Instrument Development Laboratories, 
229 W. Erie St., Chicago 10, Ill. The 
model 3030 lead shield consists of a lead 
cylinder of 134 in. wall thickness, with 
8 center space which accomodates the 
widely available glass Geiger counters, 
34 in. in diameter and 844 in. long 
Since this shield weighs 96 lbs, it has 





been designed with two handles to per- 
mit moving it around. The shield 
comes with a cable connector on one 
end and a built-in sample holder which 
provides reproducible geometries. 


GEIGER TUBES 

Tracerlab, Inc., 55 Oliver St., Boston, 
Mass. Beta-gamma end-window Gei- 
ger tubes are available in two types: the 
TGC-1 which has a mica window 3-4 
mg/em* and the more sensitive 
TGC-2, with a mica window less than 2 
mg/cem?, especially designed for high 
efficiency detection of low-energy emit- 
ters such as carbon-14 and sulfur-35. 
The tubes are of the self-quenching 
type and are said to have a life in 
excess of 108 counts. Both tubes are 
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mounted on standard, four-prong glazed 
ceramic tube bases. 


PORTABLE DETECTOR 

Technical Associates, 3730 San Fer- 
nando Rd., Glendale 4, Calif. The 
model F-3 has been designed for 
detecting and indicating relative inten- 
sities of beta, gamma, cosmic and 
X-radiation. Two sensitivity ranges 
are provided—low range, full-scale 
meter deflection indicates 0.5 mr/min; 
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high range, 0.017 mr/min. A counting- 
rate meter circuit affords means of 
making quantitative checks, and an 
amplifier operates earphones for aural 
monitoring. The Geiger tube is housed 
in a probe, which in turn is carried in a 
compartment in the lower section of the 
ease. The probe window may be 
opened for checking beta radiation 


D-C POWER SUPPLY 

Rowe Engineering Corp., 2422 N. 
Pulaski Rd., Chicago 39, Ill. The type 
IPS10000 10 kv Iso-volt d-c power 
supply provides a source of continu- 
ously variable d-c voltage from 1,000 to 
10,000 volts at current drains up to 5 
ma. Regulation of 0.1% is claimed. 
The apparatus is operable from a source 





of power of 105-130 volts a-c, 60 cycles. 
Power drain is approximately 350 
watts at full load. Overall dimensions 
of the unit are 22 in. wide by 4134 in. 
high by 17% in. deep. Weight is ap- 
proximately 225 pounds. 


D-C POWER SUPPLY 

Furst Electronics, 800 W. North Ave., 
Chicago 22, Ill. The model 710-SR 
power supply has a range of 600-1,500 
volts d-c at 0-1 ma, continuously 
adjustable. The output voltage is 
claimed to vary less than 0.01% of the 
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output voltage per volt change of line 
voltage and less than | volt with varia- 
tions of output current between 0-1 ma 
(internal impedance is less than 1,000 
ohms). An input of approximately 50 
watts is required from a 115 volt a-c 
line. 


END-WINDOW COUNTER 


Instrument Development Laboratories, 
229 W. Erie St., Chicago 10, Ill. The 
model D31 end-window Geiger tube is 
designed for use on an upright-style or 
socket-type sample holder. It has an 
all-glass envelope with a mica windo v 
at the end, and is a symmetrical 
cylinder either with or without a socket 
which can be provided if desired. 
Standard window thickness is 2-4 
mg/em*?. Thinner windows can _ be 
provided upon request. The tube is 
said to have a plateau from 1,100 to 
1,300 volts, with a slope of 3% per 





hundred volts. Life of the tube is 
guaranteed at 10* counts without a 
quench circuit, and the tube life can be 
prolonged with the use of the proper 
quench circuit. 
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URANIUM DETERMINATION 
Fisher Scientific Co., 717 Forbes St., 
Pittsburgh 19, Pa. A new method* 
has been developed for determining the 
concentration of uranium in solution. 
Using the dropping mercury electrode 
system provided by the Fisher Elecdro- 
pode, the method can be employed to 
determine uranium when its concentra- 
tion is within the range of 10-4 molar 
to 5 X 10-* molar. The sample solu- 
tion is first treated by the addition of 
a potassium chloride-hydrochloric acid 
solution, then placed in the Elecdropode 
cell. Nitrogen is passed through the 
solution for a minute, then the mercury 
electrode system is set at a dropping 
rate of one drop each three seconds. 
Potential of —0.5 volts is then applied 
to the electrodes and a galvanometer 
reading is made. This reading is then 
referred to the calibration curve and the 
concentration of uranium in the un- 
known sample is noted. The calibra- 
tion curve is prepared by plotting 
galvanometer readings for different 
concentrations of uranyl chloride. 
When iron is present along with 
uranium, it is merely necessary to treat 
the sample with hydroxylamine and 
warm to 50° C for 10 min before pro- 
ceeding with the regular method. In 
the event that organic acids are present, 
the sample is first ashed. Phosphates 
which might also interfere are separated 
chemically before a determination is 
made. 


DIFFUSION PUMPS 

Recent experiments have been made 
using glycerine as the working medium 
in diffusion pumps. The tests were 
initiated by the Services Electronics 
Research Laboratory at Baldock, Eng- 
land. Efficiencies up to 80% of the 
theoretical value have been obtained, it 
is claimed. The increased pumping 





* This material is taken from The Laboratory 
17, 143 (1948), publication of the Fisher Scien- 
tifie Co. 





speed attainable with glycerine will be 
used in pumps being designed for the 
neW Cavendish cyclotron. 


TWO COMPANIES SYNTHESIZE 
RADIOACTIVE COMPOUNDS 


Tracerlab. Inc., 55 Oliver St., Boston, 
Mass., has made arrangements with 
the AEC to manufacture and stock a 
number of compounds tagged with car- 
bon-14. A partial list of C'™-tagged 
compounds which will be available 
within the next six months follows (in 
order of priority): barium carbide; 
acetylene; sodium cyanide; methy! 
alcohol and methyl iodide; carboxyl- 
labeled acetic acid, acetyl chloride, 
ethyl acetate; benzene; methylene- 
labeled ethyl alcohol, ethyl iodide; 
methyl-labeled acetic acid, acetyl chlor- 
ide, ethyl acetate; and methyl-labeled 
ethyl alcohol, ethyl iodide. 

Prices have not yet been determined 
but it is expected that they will be in 
the range of $200 to $500 per millicurie 
for most compounds. The minimum 
amount for sale will normally be one 
millicurie but, in some _ instances, 
smaller quantities will be available on 
request. All compounds will be pack- 
aged in sealed glass ampoules and, 
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whenever possible, will have a minimum 
dilution of activity. However, the 
specific activity will not usually be 
greater than one millicurie per milli- 
mole since in some cases it has been 
found that the internal absorption from 
materials of very high specifie activity 
may promote decomposition. 

To obviate any uncertainty, stand- 
ards for correlating the Tracerlab 
millicurie with that of Oak Ridge will 
be set up to permit the customer to 
obtain activity measured in accordance 
with the Oak Ridge millicurie. Stand- 
ards of purity will be set up for each 
compound. 

Barium carbide, tagged with C', is 
available for immediate delivery at 
$150 per me with a specific activity of 
2me per mmole. The cost of the C!*is 
included in this price. The compound 
contains small amounts of carbon as an 
impurity and upon treatment with 
dilute acid is said to give approximately 
a 60% yield of acetylene. The milli- 
curie strength of the barium carbide is 
based upon a measurement of total 
activity present including some unre- 
acted C'™, 

Acetylene is available at a cost of 
$350 per mc. The specific activity is 
2 me per mmole and the volume of 
acetylene at standard conditions is 
approximately 11 ce per me. 

Sodium cyanide is available at $250 
perme. It has an activity of approxi- 
mately 1 me per mmole and is in the 
form of dry sodium cyanide containing 
about 2 mmoles of excess sodium hy- 
droxide per mole of sodium cyanide. 

Groups desiring synthesized com- 
pounds should contact Tracerlab first 
to determine availability and cost. 
Then the customer should apply for the 
compound desired by submitting Form 
313, ‘Application for Radioisotope 
Procurement,” to the Isotopes Division, 
U. §. Atomic Energy Commission, 
P. O. Box E, Oak Ridge, Tenn., for the 
required number of millicuries of C' 
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incorporated into the desired com- 
pound, stipulating the supplier. After 
approval by the AEC, Form 374 will be 
furnished the buyer by the AEC. This 
should then be sent to the supplier. 
Texas Research Foundation, Renner, 
Texas, is also synthesizing radioactive 
compounds in cooperation with the 
AEC. Working on a non-profit basis, 
this company will, at the outset, syn- 
thesize compounds containing radio- 
active carbon, phosphorus and sulfur. 

Synthesized compounds can be ob- 
tained in the same manner as from 
Tracerlab. 


NUCLEONICS PRODUCTS 

AVAILABLE 

Eldorado Mining and Refining, Ltd., 

P. O. Box 379, Ottawa, Ontario. This 

company lists the following products as 

being available: 

Polonium—as bulk nitrate crystals or 
in the form of a plated electrode of 
specified activity; very suitable as 
source of alpha radiation. 

Neutron sources—radium-beryllium 
and polonium-beryllium neutron 
sources are available, depending upon 
requirements. The polonium-beryl- 
lium source is a convenient generator 
of fast neutrons with a very low back- 
ground of gamma radiation. 

Gamma-ray standards—a series of stand- 
ards consisting of radium salt sealed 
in a thin-walled platinum container. 
These are filled to a very close toler- 
ance and are certified by the National 
Bureau of Standards. 

Gamma Sources for Industrial Radiog- 
raphy—high density radium sources 
for use in nondestructive testing by 
gamma radiography. Have consid- 
erably reduced diameter compared to 
other sources. 

Limited quantities of RaD, prepared as 

a beta and alpha source or mixed with 

beryllium to form a neutron source with 

negligible gamma background, are also 
available. 


83 











ABSTRACTS 











CHEMICAL PUBLICATIONS 


Beta-ray counters, R. S. Krishnan 
(Indian Inst. of Science, Bangalore), 
Current Sci. 17, 37-43 (1948). The con- 
struction and characteristics of some 
beta-ray counters suitable for measuring 
the activity of low-energy beta particles 
are described. Circuits for a suitable 
amplifier and stabilized high-voltage unit 
for use with these counters are given. 


“Analytical boundary” method for the 
determination of transference numbers, 
A. P. Brady (American Cyanimid Co., 
Stamford, Conn.), J. Am. Chem. Soc. 
70, 911-914 (1948). The theory and 
operation of a cell for measuring trans- 
ference numbers which combine the 
Hittorf and moving boundary techniques 
are described. A radiotracer technique 
was used in which the leading and un- 
known solutions are of identical composi- 
tion but contain a radioactive isotope of 
the ion or ions under investigation. 
Thus, Na?? was used to trace Na, and 
Br’? was used to follow Cl~ in NaCl. 
Ordinary counting methods were used. 


The self-diffusion coefficients and 
transference numbers of the small ions 
in colloidal electrolytes, A. P. Brady, 
D. J. Salley (American Cyanimid Co., 
Stamford, Conn.), J. Am. Chem. Soc. 
70, 914-919 (1948). Radiotracer tech- 
niques employing Na**, Na*4, and Br*? 
were used to determine the transference 
numbers and _ self-diffusion coefficients 
for two anionic and two cationic surface 
active agents. The tracer technique 
obviates errors which may arise if equi- 
libria involving various micelle types are 
not fast compared to diffusion or electrical 
transport. 


The application of the halogen-metal 
interconversion reaction to syntheses 
with isotopic carbon, A. Murray, III, 
W. W. Foreman, W. Langham (Los 
Alamos Scientific Lab., N. Mex.), 
J. Am. Chem. Soc. 70, 1037-1039 (1948). 
The halogen-metal interconversion reac- 
tion was adapted to the microsynthesis of 
biologically important p-aminobenzoic 
acid and nicotinic acid labeled with C'* 
in the carboxyl groups, and having ex- 
tremely high specific activities (about 
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2-3 X 10’ disintegrations per min per 
mg). 


Some exchange experiments involving 
hexacyanoferrate (II) and hexacyano- 
ferrate (III) ions, R. C. Thompson 
(Univ. of California, Berkeley), J. Am. 
Chem. Soc. 70, 1045-1046 (1948). A 
rapid electronic exchange between hexa- 
ecyanoferrate (II) and hexacyanoferrate 
(III) ions in neutral solution, 1.0 M hydro- 
chloric acid, and 0.05 M sodium hydroxide 
was observed. No exchange of iron 
atoms was observed between the follow- 
ing pairs of ions: iron (III) and hexacy- 
anoferrate (III), iron (III) and hexacyano- 
ferrate (II), iron (II) and hexacyanoferrate 
(II), and iron (II) and hexacyanoferrate 
(III). 


Rate of exchange of cellulose with 
heavy water, V. J. Frilette, J. Hanle, H. 
Mark (Polytechnic Inst. of Brooklyn), 
J. Am. Chem. Soc. 70, 1107-1113 (1948). 
Cellulose reacts very rapidly with heavy 
water, if sufficiently agitated, but the re- 
action is of limited extent. In none of 
the experiments were all of the hydroxyls 
exchanged, even at the end of a week. 
The falling-drop method was used to 
measure D2O concentration. The extent 
of the exchange reaction gave a measure 
of the accessibility of the cellulose sample, 
and of the amount of amorphous material 
present. 


The chemical re erties of elements 94 
and 93, G. T. Seaborg, A. C. Wahl 
(Univ. of California, Berkeley), J. Am. 
Chem. Soc. 70, 1128-1134 (1948). 
Using the radioisotopes 9475* and 93239, 
the chemical properties of elements 94 
and 93 were studied. The chemical 
symbols Pu and Np are suggested for 
elements 94 and 93, respectively. In the 
reduced states, the precipitation reactions 
of these elements are similar to those of 
the 3+ rare earths and actinium, and of 
the 4+ cerium, thorium and uranium. 
Np and Pu exhibit a higher oxidation 
state with properties similar to those of 
6+ uranium. For both elements the 
standard oxidation-reduction potential 
from the metal to the reduced ionic state 
is greater than +0.5 v. For the reduced 
to the oxidized ionic state, the standard 
potential for Np is about —1.35 v and for 
Pu, —1.0 to —1.4 v. Thé properties of 
Pu and Np indicate that a new rare-earth- 
type group of elements starts at the 
upper end of the periodic table with 
actinium or thorium. 


June, 1948 - NUCLEONICS 











The synthesis of uric acid containing 
isotopic nitrogen, L. F. Cavalieri, V. E. 
Blair, G. B. Brown (Sloan-Kettering 
Inst. for Cancer Research, New York), 
J. Am. Chem. Soc. 70, 1240-1242 (1948). 
An improved synthesis of uric acid, suit- 
able for the incorporation of N'* in posi- 
tions 1 and 3, is described. 


The mechanism of the oxidation of uric 
acid studied with isotopic nitrogen as a 
tracer, L. F. Cavalieri, G. B. Brown, 
(Sloan-Kettering Inst. for Cancer Re- 
search, New York), J. Am. Chem. Soc. 
70,1242-1243(1948). Using N'® as a 
tracer it has been shown that the oxida- 
tion of uric acid to allantoin with alkaline 
potassium permanganate proceeds through 
a symmetrical intermediate. Oxidation 
with either nitric acid or chlorine results 
in a direct cleavage of the imidazolone 
ring to produce alloxan, 


On the dynamic state of antibodies, FE. 
C. Kooyman, D. H. Campbell (Cali- 
fornia Inst. of Tech., Pasadena), J. 
Am, Chem. Soc. 70, 1293-1294 (1948). 
Using C'* leucine as a tracer in rabbits, 
it was found that the order of magnitude 
of the radioactivity found in the passive 
antiserum was about one-fifth to one- 
sixth of the serum proteins. It is 
thought that an exchange takes place 
with the injected or passive transfer 
antibody. 


Chemical reactions produced by ioniza- 
tion processes, J. O. Hirschfelder (Univ. 
of Wisconsin, Madison), J. Phys. Col- 
loid Chem. 62, 447-450 (1948). Chem- 
ical reactions produced by ionizing 
radiation may be studied by considering 
the following fundamental steps: pri- 
mary processes consisting of primary and 
secondary ionizations, excitation without 
ionization, reactions between ions and 
neutral molecules and negative-ion forma- 
tion; neutralization of the ions; and reac- 
tions of the free radicals and ions. 


Electron microscopy of radiation poly- 
merization products, J. H. L. Watson 
(Henry Ford Hospital, Detroit), J. 
Phys. Colloid Chem. 62, 470-474 (1948). 
The acetylene polymers formed by alpha- 
ray bombardment, corona discharge, and 
catalysts were examined under the elec- 
tron microscope and found to be suffi- 
ciently different in physical shape and 
size to be distinguished from one another. 


. I. W. RBUDERMAN 
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The therapeutic use of radioactive ele- 
ments in malignancy, P. Hahn, C. 
Sheppard (Cancer Research Lab., Me- 
harry Med. College, Nashville, Tenn.), 
Ann. Inst. Med. 28, 598-606 (1948). 
An evaluation of radioactive isotopes in 
medicine and allied fields. Criteria for 
therapeutic usefulness such as selectivity, 
biological behavior, toxicity, ete., are 
discussed. Nearly all of the known radio- 
isotopes are tabulated, giving half-life, 
type of radiation, chemical behavior, and 
comment concerning their use. Sug- 
gested techniques in the therapeutic use 
of the radioactive elements are included. 


The accumulation of radioactive iodide 
by the thyroid gland in normal and 
thyrotoxic subjects and the effect of 
thiocyanate on its discharge, M. 
Stanley, E. Astwood (Joseph H. Pratt 
Diagnostic Hosp., Boston), Endocrinol- 
ogy 42, 107-123 (1948). Thyroid hor- 
mone synthesis was almost completely 
inhibited after the administration of anti- 
thyroid medication but the human 
thyroid gland was still able to collect 
appreciable quantities of radioactive 
iodine believed to be in the form of 
iodide ion. The collected iodine was 
promptly though not completely dis- 
charged from the thryoid gland after 
administration of thiocyanate or large 
quantities of ordinary iodine. 

The extent of uptake in thyrotoxic pa- 
tients was much greater than normal 
and the rate of discharge was more rapid 
after administration of thiocyanate or 
normal iodide. The difference is suffi- 
cient so that active thyroid hyperplasia 
may be detected. The degree of previous 
hormone inhibition determines the extent 
of loss of collected radioiodide occasioned 
by a standard thiocyanate dose. Thus 
the quality of antithyroid therapy can 
be determined early in the course of 
treatment without interrupting medica- 
tion. The duration of action of a single 
dose of antithyroid compound may be 
readily determined. 


Site of action of acetylcholine, M. 
Rothenberg, D. Sprinson, D. Nachman- 
sohn (Depts. of Neurol. and Biochem., 
College of Physicians and Surgeons, 
New York), J. Physiol. 11, 111-116 
(1948). Squid axons were exposed to 
solutions of N'*-labeled trimethylamine 
and to similarly labeled acetylcholine. 
At varying intervals after exposure, the 
axoplasm was extruded and the penetra- 
tion of isotope determined. At the end 








of 25 minutes the isotope concentration 
within the axoplasm was 40% of the 
external concentration and rose to 80% 
at the end of an hour for the axons ex- 
posed to the trimethylamine. By con- 
trast, acetylcholine did not penetrate into 
the interior to any appreciable extent. 
These results are believed to explain why 
the pharmacological effect of acetyl- 
choline is limited to the synapse in con- 
trast to the physiological role of the ester 
in the surface membrane during conduc- 
tion of nerve and muscle fibers. 


The distribution pattern of sulfur- 
labeled methionine in the protein and 
the free amino acid fraction of tissues 
after intravenous administration, F. 
Friedberg, H. Tarver, D. Greenberg 
(Univ. of California Medical School, 
Berkeley), J. Biol. Chem. 178, 355-361 
(1948). Fasting rats were injected in- 
travenously with methionine labeled 
with radiosulfur and its distribution in 
the proteins and free amino acid fraction 
of the tissues determined. The labeled 
sulfur was rapidly incorporated into the 
protein and a stabilization of the tagged 
sulfur within the various organs followed. 
The largest incorporation occurred in 
the intestinal mucosa, followed by the 
pancreas, spleen, kidney, plasma, liver, 
testis, heart, brain and muscle. The red 
blood cell protein activity rose con- 
tinuously while that of the other organs 
showed a continual downward trend. 
The rate of incorporation into the pro- 
teins of the stomach mucosa of dogs sim- 
ilarly injected was very low. 


The effect of growth on the incorpora- 
tion of glycine labeled with radioactive 
carbon into the protein of liver homo- 
gates, F. Friedberg, M. Schulman, 

. Greenberg (Univ. of California 
Medical School, Berkeley), J. Biol. 
Chem. 178, 437-438 (1948). A graph 
of C'!*methylene-labeled glycine uptake 
by proteins of homogenates of rat liver 
as a function of body weight indicates 
that the growth of tissues is the result of 
increased activity of protein synthesis. 
The rate of protein synthesis is strikingly 
high in the fetus and decreases rapidly 
early in life and more slowly as maturity 
is approached. 


Synthesis of chloracetic acid and 
glycine labeled with radioactive carbon 
in the carboxyl group, R. Ostwald 
(Radiation Laboratory and Dept. of 
Chemistry, Univ. of California, og 
ley), J. Biol. Chem. 178, 207-209 (1948). 
Glycine labeled in the carboxyl group 


86 





with C!* was prepared from sodium ace- 
tate via chloracetic acid in an over-all 
yield 42%. 


Introduction of radioactive sulfur (S**) 
into the penicillin molecule by bio- 
synthesis, S. Howell, J. Thayer, L. 
Labaw (Veneral Disease Research Lab., 
Staten Island, N. Y.), Science 107, 
299-300 (1948). It was shown that in 
the uptake of radioactive sulfur in the 
biosynthesis of penicillin there is no dif- 
ferentiation between radioactive sulfur 
and ordinary sulfur. 


Glycine as a precursor of purines in 
yeast, R. Abrams, E. Hammarsten, D. 
Shemin (Chem. Dept., Karolinska 
Institutet, Stockholm), J. Biol. Chem. 
173, 429-430 (1948). The experiments 
reported indicate that the synthesis of 
nucleic acid purines in yeast using glycine 
occurs in the same manner as does the 
uric acid synthesis using glycine in hu- 
mans and pigeons. 


Determination of the fate of phosphorus 
in the laying hen by means of radio- 
phosphorus (P*), J. O'Neil, J. 
Jowsey, C. Lee, M. Reade, J. Spinks 
(Univ. of Saskatchewan, Saskatoon), 
Science 107, 295-296 (1948). About 5% 
of a dose of radioactive phosphorus fed 
to hens as calcium phosphate at a single 
feeding appeared in the eggs subsequently 
laid. In hens fed equal doses of radio- 
active calcium phosphate on succeeding 
days, the radiophosphorus content of the 
eggs laid rose until a constant level of 5% 
of the daily dose was reached in each day's 
egg output. The eggs continued to show 
activity long after the doses were dis- 
continued indicating that the _radio- 
phosphorus was being obtained from the 
muscles and bones. 


a-Aminoadipic acid in arginine forma- 
tion, J. Dubnoff, H. Borsook (California 
Inst. of Tech., Pasadena), J. Biol. Chem. 
173, 425 (1948). a@-Aminoadipic acid is 
shown to aminate citrulline and the rela- 
tive reaction rates indicate that lysine is 
converted to a-aminoadipic acid. 


Studies in protein metabolism with 
compounds labeled with radioactive 
carbon. II. The metabolism of glycine 
in the rat, D. Greenberg, T. Winnick 
(Univ. of California Med. School, 
Berkeley), J. Biol. Chem. 173, 199-204 
(1948). Fasting rats were given glycine 
containing radioactive carbon in the 
earboxyl group. In most of the organs 
examined, radioactivity reached a peak 
in 6 to 18 hours and thereafter the activity 
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approached a common lower level. In- 
testines, bone marrow, liver, kidney, 
plasma, spleen and lung were the more 
active organs. Muscle, red blood cells, 
and brain were the least active. Activity 
in the red blood cells was still rising at the 
end of 5 days. 

About 60% of the C activity in the 
hydrolysate of the proteins was accounted 
for as glycine. Much smaller amounts 
were found in aspartic acid, arginine and 
glutamic acid. None was found in 
proline, serine and tyrosine. Half of the 
administered C!* was eliminated as ex- 
pired carbon dioxide at the end of 18 
hours while 4% was eliminated in the 
urine. Urea, hippuric acid, and free- 
glycine accounted for the bulk of the 
urinary radioactive carbon. 


a-Aminoadipic acid: a product of 
lysine metabolism, H. Borsook, C. 
Deasy, A. Haagen-Smit, G. Kei hley, 
R. Lowy (California Inst. of Tech? 
Pasadena), J. Biol. Chem. 178, 423-424 
(1948). Lysine labeled in the e-position 
was prepared and incubated with guinea- 
pig liver homogenate, amino acid mixture 
corresponding to casein except for lysine, 
and a-ketoglutarate in isotonic solution. 
Chromatographs indicated the formation 
of a-aminoadipic acid by the de-amina- 
tion of lysine. Evidence is presented 
indicating that the process is enzymatic 
and that the radioactivity did not come 
from contamination by the labeled lysine 
originally added. 


The permeability of the human placenta 
to sodium in normal and abnormal 
pregnancies and the supply of sodium 
to the human fetus as determined with 
radioactive sodium, L. Flexner, D. 
Cowie, L. Hellman, W. Wilde, G. 
Vosburgh (Depts. of Embryology and 
Terrestrial Magnetism, Carnegie Inst. 
of Washington, Baltimore, Md.), Am. 
J. Obstet. Gynecol. 65, 469-480 (1948). 
Measurements were made using radio- 
active sodium of the changes in rate of 
placental transfer per unit weight of 
placenta in normal pregnancies from the 
ninth week of gestation until term. 
There is an increase of permeability of 
about 70 times in this period. The 
permeability of the human placenta to 
sodium is similar to that of other mem- 
bers of the hemochorial group. 

Chronic hypertension and cardiac dis- 
ease in a small series of cases did not affect 
the rate of transfer. Of the two cases 
of pre-eclampsia observed, one showed 
a marked reduction of permeability. 
The fetus receives as much sodium at the 
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twelfth week and 1100 times as much at 
the fortieth week as is incorporated into 
the growing tissues. 


Techniques for in vivo tracer studies 
with radioactive carbon, H. Skipper, 
C. Bryan, L. White, Jr., O. Hutchinson 
(Southern Research Inst., Birmingham, 
Ala.), J. Biol. Chem. 178, 371-381 
(1948). Apparatus is described which is 
designed to absorb mouse respiratory 
CO: which may possibly contain radio- 
active carbon C'*, A procedure is given 
for the oxidation of tissues prior to radio- 
carbon determination. A method for 
determining the analysis of radiocarbon 
in the gaseous state is described. 


The preparation of sodium acetate 
labeled with radioactive carbon in the 
methyl group, B. Tolbert (Univ. of 
California, Berkeley), /. Biol. Chem. 
173, 205-206 (1948). Carbonating la- 
beled methyl magnesium iodide in a 
vacuum system yielded sodium acetate 
with C!4 in the methyl group. The yield 
was about 75% on a small scale. 


Biological precursors of uric acid. I. 
The role of lactate, acetate and formate 
in the synthesis of the ureide groups of 
uric acid, J. Sonne, J. Buchanan, A. 
Delluva (School of Med., Univ. of 
Pennsylvania, Philadeiphia), J. Biol. 
Chem. 173, 69-79 (1948). C0O., HC'§- 
OOH, CH;:C“00OH, NH:CH:C"OOH, 
CH,;CHOHC#00OH8H, C"H;C“HOHCOOH 
were synthesized and fed to fasting 
pigeons. The uric acid excreted was de- 
graded so that both ureide carbon atoms 
could be analyzed for isotope content. 
The labeled atoms of the compounds 
other than acetic and formic acids were 
not used in ureide synthesis. Acetate is 
believed to be the source of the ureide 
carbon and it is believed that formate is 
an intermediate or may be converted into 
an intermediate of this reaction. a,f-la- 
beled lactate is also believed to be an 
intermediate. 

CO: and the carboxyl groups of lactate 
and pyruvate are not precursors of 
formate in the pigeon. The carboxyl 
group of lactate is not a direct precursor 
of urea in the rat, indicating that the 
carbon of urea and ureide carbon of uric 
acid have separate metabolic origins. 


Biological precursors of uric acid. II. 
The role of lactate, glycine and carbon 
dioxide as precursors of the carbon 
chain and nitrogen atom 7 of uric acid, 
J. Buchanan, J. Sonne, A. Delluva 
(School of Med., Univ. of Pennsylvania, 
Philadelphia), J. Biol. Chem. 173, 81-97 
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(1948). COs: was shown to be the source 
of carbon 6 of uric acid, and the carboxy] 
earbon of glycine to be the source of 
carbon 4 of uric acid. It was indirectly 
demonstrated that the amino nitrogen of 
glycine is probably the source of nitrogen 
7. The a-carbon of glycine is believed 
to be the source of carbon 5. The as- 
similation of CO: into carbon 6 is believed 
to occur by a reaction not previously 
described. It is believed that lactate is 
converted to glycine by reactions involv- 
ing the conversion of serine to glycine. 
Glycine and acetate are not directly 
interconvertible in the metabolism of the 
pigeon. It is suggested that a 3-carbon 
intermediate formed by a reaction involv- 
ing CO: and the a-carbon of glycine may 
be a step in the metabolism of glycine. 


Studies in protein metabolism with 
compounds labeled with radioactive 
carbon. I. Metabolism of p,L-tyrosine 
in the normal and tumor-bearing rat, 
T. Winnick, F. Friedberg, D. Greenberg 
(Univ. of California Med. School, 
Berkeley), J. Biol. Chem. 178, 189-197 
(1948). C4 administered in the form of 
tyrosine to tumor-bearing rats is rapidly 
incorporated into the proteins of the 
various organs. The highest isotope 
concentrations were found in intestinal 
mucosa, kidneys and plasma, followed by 
liver and spleen. Lower concentrations 
were found in testis, brain and muscle. 
The tumor proteins had high activity 
and contained much of the total protein- 
bound C'*, Almost all of the radioac- 
tivity of the proteins was due to tyrosine. 
Small C'!* concentrations were found in 
the dicarboxylic acids. Analysis of uri- 
nary tyrosine, urea, creatinine, hippuric 
acid and ketone bodies indicated the 


presence of C!4, 
. BERNARD KANNER 
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Yield of neutrons from photo-neutron 
sources, B. Russell, D. Sachs, A Wat- 
tenberg, R. Fields (Argonne National 
Lab., Chicago, Ill.), Phys. Rev. 73, 545- 
549 (1948). The absolute number of neu- 
trons per second per curie of incident 
gamma rays was investigated. The 
gamma radiation was from sources pro- 
duced by irradiation in a pile, and the 
number of neutrons was determined by 
comparison with a Ra-(a,n)-Be source of 
known neutron yield, using a “long 
counter.”” The absolute values are un- 


certain by as much as 25%, because the 
number of gamma rays per second emitted 
by the sources was calculated from the 
neutron activation cross sections and the 
pile flux, but the relative values are quite 
reliable. 


Disintegration of positive and negative 
mesons in different absorbers, N. 
Nereson (Univ. of New Mexico, Albu- 
querque), Phys. Rev. 73, 565-569 (1948). 
Using a magnetic field to separate the 
positive and negative mesotrons, along 
with absorbers of low and high atomic 
number, electrons from the decay of the 
mesotrons in the absorber were studied. 
Coincidence and anticoincidence circuits 
allowed determination of delayed counting 
rates. The results agree with previous 
investigations. Positive mesotrons de- 
eayed in all absorbers tried (boron, 
carbon, aluminum, and iron); negative 
mesotrons decayed with lifetimes greater 
than 0.6 microseconds only in boron and 
earbon. This indicates that negative 
mesotrons tend to be captured by ab- 
sorbers of high atomic number before 
decaying. 


New experiments concerning the sur- 
plus gamma-radiation from rocks, V. 
F. Hess, J. D. Roll (Fordham Univ., 
New York), Phys. Rev. 78, 592-595 
(1948). The excess of gamma-ray ac- 
tivity from certain igneous rocks over that 
to be expected from the content of radio- 
active elements might be attributable to 
cosmic-ray effects. The ionization from 
crushed rock samples was investigated 
in an iron house. In the case of granite, 
the excess ionization was the same in an 
underground station as above ground, so 
that the excess could not have been due 
to the effect of cosmic radiation. 


Gamma-radiation from granite, W. D. 


Urry (Carnegie Inst., Washington, 
D. ed Phys. Rev. 73, 396-601 (1948). 
By adding amounts of uranium, thorium 
and potassium equal to the amounts cal- 
culated to be present, the ionization is 
found to be doubled in the case of gamma- 
ray activity of Quincy granite. This 
indicates that the ionization is fully ac- 
counted for, contrary to previous results. 
The discrepancy may have arisen in the 
computation of the expected ionization 
because of an incorrect value for the 
gamma radiation from potassium. 


The beta-spectra of s § as a test of 
the Fermi theory, C. Cook, L. M. 
Langer (Indiana Univ. “Bloomington), 
Phys. Rev. 73, 601-607 (1948). The 
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positron and negatron spectra of Cu 
have been measured with a double- 
focusing spectrometer of high resolution 
and intensity, so constructed as to almost 
eliminate scattering. Very thin source, 
backing, and counter window allow ac- 
curate measurements of the relative dis- 
tribution down to about 10 kev. Depar- 
tures from the Fermi plot are definitely 
observed, below 0.27 Mev for positrons 
and 0.19 Mev for negatrons. There are 
more of both at low energies than given 
by the theory, and the positron-electron 
ratio is higher than prédicted at low 
energies, agreeing with the results of 
Backus. A simple linear combination of 
the possible beta interactions does not 
account for the experimental results. 


Total cross section of Fe, Ni, and Bi 
for fast neutrons, H. H. Barschall, C. 
K. Bockelman, L. W. Seagondollar 
(Univ. of Wisconsin, Madison), Phys. 
Rev. 73, 659-665 (1948). The neutron 
cross sections were measured from 10 to 
500-kev neutron energies with 20-kev 
resolving power, and from 200 to 1400- 
kev with 150 kev resolution. High 
resolution measurements show resonances 
in Fe and Ni but not in Be, spacing being 
about 50 kev for Fe and 100 kev for Ni. 
Experiments with thick targets at lower 
resolving power were performed to com- 
pare results with the Weisskopf theory. 
Discrepancies exhibited in the comparison 
may be caused by an uncertainty in the 
knowledge of the constants on which the 
calculations are based. 


Resonances in the disintegration of 
fluorine and lithium by protons, T. W. 
Bonner, J. E. Evans (Rice Inst., 
Houston, Texas), Phys. Rev. 78, 666-674 
(1948). Gamma radiation from bom- 
barded elements showed resonances in the 
case of fluorine at intervals of the order 
of 100 kev with experimental widths of 
the order of 10 kev. The absolute cross 
section was calculated to be of the order 
of 10-2 cm? at resonance, and the partial 
widths due to proton re-emission varied 
from 10 v to 5.7 kev. In the case of 
lithium, the asymmetry of the resonance 
curve precluded explanation by the single- 
level dispersion formula. 


On the recoil of the nucleus in beta 
decay of Kr**, J. C. Jacobsen, O. 
Kofoed-Hansen (Inst. for Theoretical 
Physics, Univ. of Copenhagen, Den- 
mark), Phys. Rev. 78, 675-679 (1948). 
The recoil nuclei from the disintegration 
of Kr** produced in fission of uranium 
are allowed to collect on aluminum foils 
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whose activity is then measured. By 
putting a retarding potential on a grid of 
wire gauze, something can be learned 
about the energy distribution of the re- 
coils. The maximum energy is deter- 
mined with good accuracy, but poor 
resolution overestimates the number of 
small energy. The average recoil energy 
is 29 ev; the maximum recoil energy is 
51.5 + 2 ev, which agrees closely with 
the value calculated from the maximum 
energy 2.4 Mev of the beta particles as 
determined by absorption. 


Relaxation effects in nuclear magnetic 
resonance absorption, N. Bloembergen 
E. M. Purcell, R. V. Pound (Harvar 

Univ., Cambridge, Mass.), Phys. Rev. 
73, 679-712 (1948). In the magnetic 
resonance absorption process, the new 
equilibrium state requires the transfer of 
energy to the degrees of freedom (internal) 
other than the spins. This involves the 
spin-lattice interaction described by the 
spin-lattice relaxation time 7, measuring 
the time required for the establishment 
of thermal equilibrium. The width of the 
absorption line is determined partly by 
the interaction among the magnetic nu- 
clei, measured by a characteristic time 
T2'. The line width and relaxation times 
were measured under widely varying 
conditions (the latter vary from 10~* to 
100 sec), and are explained theoretically 
by considering the effect of the thermal 
motion of the magnetic nuclei on the 
interaction of their spins. 


Slow neutron velocity spectrometer 
studies of H, D, F, Mg, S, Si, and 
uartz, L. J. Rainwater, W. W. Havens, 
r., J. R. Dunning, C. 8. Wu (Columbia 
Univ., New York), Phys. Rev. 73, 733- 
741 (1948). Using a paraffin sample 
gives 20.6 + 1 barns for the free proton 
cross section for neutrons; at low energies, 
the value approaches four times as much. 
The free cross section of D is 3.3 + 0.2 
barns, obtained from D2O. Magnesium 
shows no resonances but exhibits micro- 
crystalline effects (rise in cross sections 
at low neutron energy). Sulfur has a 
very low cross section, indicating destruc- 
tive interference between potential and 
resonance scattering amplitudes. Silicon 
exhibits no discernible resonances. Quartz 
shows a residual, incoherent scattering 
cross section of 1.25 barns (constant 
below 0.025 ev). It rises with energy to 
9.2 barns at about 1 ev and then remains 
constant, indicating that this is the addi- 
tive cross section for the free atoms scat- 
tering independently. 








Energy distribution of protons from a 
target bombarded by 190-Mev deu- 
terons, W. W. Chupp, E. Gardner, T. 
B. Taylor (Radiation Lab., Univ. of 
California, Berkeley), Phys. Rev. 73, 
742-749 (1948). When deuterons of the 
indicated energy strike a target, the neu- 
trons may be stripped from the deuteron 
in a nuclear collision, the proton continu- 
ing on its way, just as the proton may hit 
the nucleus and the neutron, missing, 
may continue with about half the deuteron 
energy. The deuterons are produced by 
the 184-in. cyclotron, and the cyclotron 
magnetic field is used to separate protons 
of different energies. Carbon detectors 
using the C!*(p,pn)C" reaction, which has 
a constant cross section from 60 to 140 
Mev, and photographic plates were used 
for proton detection. The energy dis- 
tribution of the protons agrees with that 
calculated on the basis of Serber’s trans- 
parent nucleus theory. 


Proton widths of light nuclei, R. F. 
Christy, R. Latter (California Inst. of 
Tech., Pasadena) , Revs. Mod. Phys. 20, 
185-190 (1948). In nuclear resonance 
pens involving charged particles, 
it is useful to separate the known energy- 
dependent factors from the observed 
widths. This involves the square root of 
the (proton) bombarding energy and the 
barrier penetration factor, which can be 
calculated from Coulomb wave functions 
in terms of the energy and the proton 
angular momentum. Results are given 
for Li’, Be?, B!, C!2, Ni4, O'8, and F'!, 
proton widths being normalized to 1 at 
1 Mev without barrier. 


The energy and momentum relations 
in the beta-decay, and the search for 
the neutrino, H. R. Crane (Univ. of 
Michigan, Ann Arbor), Revs. Mod. 
Phys. 20, 278-295 (1948). A critical 
evaluation is given of the characteristics 
of the beta-decay which lead to the neu- 
trino hypothesis, including experiments 
which have gone to determine the energy 
and momentum relations which apply. 
The momentum experiments include 
those on recoil experiments using the 
K-capture process, measurement of nu- 
clear momentum of electron emitters 
(Leipunski, Jacobsen and Kofoed-Hansen), 
and measurement of another quantity 
besides recoil momentum (Crane and 
Halpern, Sherwin, and Li* disintegration). 
Neutrino absorption is discussed and 
suggestions are made for further experi- 
ments to discover more about what we 
call ‘‘a neutrino.” 
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"The use of coincidence counting = 
ods in determining nuclear disinte 
tion schemes, A. C. G. Mite ell 
(Indiana Univ., Bloomington) Revs. 
Mod. Phys. 20, 296-304 (1948). By 
avoiding instruments of high resolving 
power in measuring the beta and gamma- 
ray energies, low activity sources may be 
used. Two counters are placed near the 
radioactive source, and coincidences are 
measured between the gamma and beta 
rays of various energies and among the 
several gamma rays. In this manner 
the following can be determined: (a) 
whether there is more than one gamma 
per disintegration, (b) whether the lowest- 
energy beta ray leads to the ground state 
of the product, and (c) whether there are 
any low-energy groups of electrons as- 
sociated with additional gamma-ray 
transitions. Coincidence counting  ar- 
rangements are described, and sample 
experimental results given for simple and 
complex spectra. 


Studies of self-absorption in gamma- 
ray sources, R. D. Evans, R. O. Evans 
(Massachusetts Inst. of Tech., Cam- 
bridge), Revs. Mod. Phys. 20, 305-326 
(1948). The theory of self-absorption in 
a source due to Compton effect, photo- 
electric effect, and pair production is 
given, with results, as a function of 
gamma-ray energy, density, and atomic 
number of the absorbing material. Self- 
absorption formulae are derived through 
use of the attenuating coefficient for 
various geometrical arrangements, in- 
cluding linear and cylindrical sources. 
Experimental arrangements for the meas- 
urement of self-absorption are described, 
including corrections for poor geometry. 
Application is made to radium assay by 
gamma-ray measurements. 


The production of nuclear disruptions 
by the cosmic radiation, S. A. Korff 
(New York University), Revs. Mod. 
Phys. 20, 327-333 (1948). The experi- 
mental techniques and results concerning 
the nuclear disruptions emitting heavily 
ionizing particles are summarized. Data 
may be obtained using cloud chambers, 
photographic emulsions, and ionization 
chambers. The initiating particles are 
usually uncharged (mainly neutrons). 
The energy of the burst rises slowly with 
the atomic number of the target nucleus. 
Together with the number of particles 
per ‘“‘star,’’ and neutron and proton pro- 
duction rates, these facts lead to certain 
conclusions about the cross sections for 
the production processes, and explain the 
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production of fast neutrons, electron- 
photon cascades, and secondary protons 
from the primary 6-Bev (and over) pro- 
ton radiation. 


Cosmic rays at 30,000 feet, R. V. 
Adams, C. D. Anderson, P. E. Lloyd, 
R. R. Rau, R. C. Saxena (California 
Inst. of Technology, Pasadena), Revs. 
Mod. Phys. 20, 334-349 (1948). A cloud 
chamber was operated at various altitudes 
up to 30,000 feet, in a magnetic field of 
7,500 gauss. Electron showers and single 
particles were compared as to frequency 
of occurrence. Energy measurements 
indicated that at 30,000 feet many of the 
particles in the range of momenta up to 
10’ gauss-cm are protons, whereas at 
sea level they are nearly all mesotrons. 
Large numbers of photographs of showers, 
disintegrations, and single particles are 
shown. 


Cosmic-ray effects from solar flares 
and magnetic storms, H. V. Neher, W. 
C. Roesch (California Inst. of Tech., 
Pasadena), Revs. Mod. Phys. 20, 350- 
352 (1948). The cosmic-ray data taken 
during a solar flare and following mag- 
netic storm are given. The increase in 
intensity coinciding with the visual start 
of the flare may indicate a source for 
cosmic radiation, though small flares give 
no effect. The hypothesis of the current- 
sheet resulting in a change in the earth's 
dipole is discussed. 


A new cosmic-ray telescope for high 
altitudes, A. T. Biehl, et al. (California 
Inst. of Tech., Pasadena), Revs. Mod. 
Phys. 20, 353-359 (1948). "A telescope is 
described which has an angular resolution 
of 15° but a high enough counting rate to 
make the relative probable error (at peak) 
in four minutes of counting 1.5%. The 
accidental coincidence rate is very low, 
a triple coincidence circuit being used. 


Recent studies of the cosmic-ray lati- 
tude effect at high altitudes, A. T. 
Biehl, et al. (California Inst. of Tech., 
Pasadena), Revs. Mod. Phys. 20, 360— 
366 (1948). Using the improved Geiger 
counter telescope, a number of balloon 
flights were made, all sets of equipment 
being compared with a common standard 
to reduce the results. The number of 
counts as a function of the weight of air 
above is given for a number of latitudes. 


The absorption of high-energy elec- 
trons in cosmic radiation, W. L. 
Scheen (University of Amsterdam, 
Netherlands), Physica 13, 669-688, 
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(1947). By considering the notion of the 
**maximum particle’ (that particle among 
the secondaries in a cascade which has the 
highest energy), a generalized cascade 
theory is constructed which gives the 
“‘range”’’ in a material through which a 
particle or its most energetic secondary 
will penetrate. 


A coincidence method of measuring a 
ow of fast neutrons, B. B. Kinsey, 8. 

Cohen, J. Dainty, Proc. Cambridge 
Phi Soc. 44, 96-113 (1948). The pro- 
tons projected by fast neutrons from a 
polythene layer in the forward direction 
are recorded using a triple coincidence 
counter, the circuit containing a dis- 
criminator to eliminate secondary elec- 
trons from gammas. Assuming isot ropic 
neutron-proton scattering, the neutron 
flux may be calculated from the proton 
counting rate and the n-p cross section. 
The accuracy is estimated at from 5% to 
15%, depending on how well the energy 
of the neutron and the n-p cross section 
at that neutron energy are known. 


The stopping power of polythene and 
fast neutron flux measurements, D 
Wilkinson, Proc. Cambridge Phil. Soc. 
44, 114-123 (1948). To use the ‘“‘homo- 
geneous ionization chamber’’ method for 
determining fast neutron flux, the gas and 
walls must have the same stopping power. 
Alpha-particle stopping powers were 
investigated for polythene and ethylene. 
These are found to differ by less than 1% 
due to differences in polarizibility of 
gaseous and condensed states, changing 
of the electronic energy levels and, con- 
sequently, the average excitation poten- 
tial, and alteration of the electron 
affinity. 


The yield of Ba'*® in the fission of nat- 
ural uranium by fast and slow neu- 
trons, E. Broda (Univ. of Edinburgh, 
Scotland), L. Kowarski (Collége de 
France, Paris), D. West (Chalk River 
Lab., Ontario, Canada) Proc. Cam- 
bridge Phil. Soc. 44, 124-132 (1948). 
The yields per fission of Ba'**, as found 
by the beta-activity after chemical separa- 
tion, are found to bear a ratio of 0.84 + 
0.03 for the cases of fast neutrons (from a 
Ra-Be) source and slow neutrons (those 
captured by Cd). 


An electrical method for the determina- 
tion of short-period activities and its 
use in the evaluation of the half-life 
of B!, J. V. Jelley, E. B. Paul, Proc. 
Cambridge Phil. Soc. 44, 133-139 (1948). 


The deuterons from a high-voltage ac- 
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celerating tube produced neutrons by 
bombarding a target. These neutrons 
produced short-period activity in another 
target. Deflector plates moved the beam 
rapidly onto and off the target, and the 
beta rays from activities induced by the 
neutrons were counted by a _ counter 
whose output was recorded by several 
delay channels. By varying the delay 
time, the number of beta-rays as a func- 
tion of time after the cessation of neutron 
bombardment was obtained. The period 


|of B activity was thus found to be 


(27 + 2) X 1073 sec. 


| Sur la possibilité d’existence d’un type 


particulier de radio-activité phéno- 


| méne de créatione, R. Daudel, M. Jean, 


M. Lecoin (Curie Lab., Paris), J. phys. 
radium, 8, 238-243 (1947). A beta dis- 
integration is discussed in which the elec- 
tron emitted from the nucleus does not 


|escape the Coulomb field but takes its 
| place in an outer orbit. 


Eventually it 
emits a photon and falls into the atomic 
ground state. Considerations for the 
occurrence of such a process are discussed. 


| Discussion de nouvelle expériences sur 


les grandes gerbes de l’air (gerbes 
d’Auger), J. Daudin, A. Loverdo 
(Ecole Normale Supérieure), J. phys. 
radium 8, 233-237 (1948). A summary 
and discussion are given of results on the 
Auger showers of cosmic radiation, using 
coincidence counters. Various altitudes 
of measurement are included and quad- 
ruple-triple and triple-double coincidence 
ratios give information on the density of 
the showers. The variation of frequency 
of showers with density is the same for a 
number of different experiments. 


De la validité de la loi en 1/V pour le 
vanadium et pour d’autres detecteurs 
de neutrons thermiques et de quelques 
propriétés du vanadium radioactif V*, 
J. Martelly, Ann. phys. 2, 555-648 
(1947). The period of V* is found to be 
3.74 + 0.01 min, and the energy of the 
gamma ray accompanying the disintegra- 
tion is found by absorption measurements 
to be 1.46 + 0.05 Mev, with 36 emitted 
per hundred betas. The neutron capture 
cross-sections of B, Ag, V, Dy'!*4, and 
Au are measured as a function of energy 
to verify the 1/V law in the thermal 
region. The energy of the neutrons is 
varied by use of boron capture, cadmium 
resonance, and changing the temperature 
of the paraffin which slows the neutrons 
down to thermal energy. 


- HAROLD BROWN 
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